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Summary

Solar ultraviolet radiation (UVR) that reaches the surface of the Earth varies due to
changes in atmospheric parameters such as cloud cover, ozone and aerosol
concentrations. Personal exposure to excessive solar UVR has significant health
implications for the human population including the development of skin cancers and
certain cataracts. The research presented in this thesis aimed to quantify the effects
of aerosols and ozone on surface UVR as well as to estimate the keratinocyte

cancer risk posed to the public due to the exposure to solar UVR.

Stratospheric ozone is the most important atmospheric constituent for the absorption
of incoming solar UVR. The annual formation of the Antarctic ozone hole has been
found to affect stratospheric ozone levels around the Southern Hemisphere and
result in increased UVR at the surface due to the passage of the polar vortex in the
austral spring and summer. The radiative effect of aerosols from volcanic eruptions
and biomass burning can significantly affect surface solar UVR levels. The effects of
volcanic eruptions and biomass burning may not be limited to the source region but

can be observed thousands of kilometres away.

Examining low-ozone events that occurred during the spring and summer months at
Cape Point in South Africa, the origins of ozone poor-air masses were determined
using a dynamical transport model. The origins of ozone-poor air masses at Cape
Point were found to be mainly from sub-tropical regions in the lower stratosphere
(435 K — 485 K) and rarely from the polar vortex in the high stratosphere (600 K).
Furthermore, these low-ozone events contributed to increased surface UVR on

clear-sky days.

Investigating the effect of aerosols from a volcanic eruption and biomass burning,
indicated that volcanic eruptions could affect the aerosol loading at a distant
secondary location. Increases in the aerosol loading could be attributed to the
dispersion on the plume which was modelled with a dispersion model and
observations from satellites. Using a radiative transfer model, the radiative effect of
aerosols and tropospheric ozone during the biomass burning season was

determined. Aerosols during the biomass burning season have a larger radiative

Vi



effect compared to tropospheric ozone. When compared to background conditions,
tropospheric ozone accounted for changes in surface UVR of less than 1% where

aerosols accounted for changes in surface UVR of up to 14%.

Using a novel method to develop a “weighting factor” a risk assessment of basal cell
carcinoma (BCC) and squamous cell carcinoma (SCC) was conducted for individuals
of different skin phototypes. The risk assessment used hypothetical scenarios of an
indoor and outdoor worker in Cape Town. The assessment found that an outdoor

worker was more at risk of BCC and SCC, especially those with fairer skin types.

Having demonstrated how changes in atmospheric parameters can affect surface
UVR and the keratinocyte cancer risk posed to individuals, it is important to monitor
atmospheric parameters to develop appropriate sun protection information and to

target at-risk population groups for skin cancer prevention campaigns.

Sommaire

Le rayonnement solaire ultraviolet (UVR) qui atteint la surface de la Terre varie en
raison des changements des parameétres atmosphériques tels que la couverture
nuageuse, l'ozone ou les concentrations d'aérosols. L'exposition personnelle
excessive a des rayons ultraviolets solaires a des incidences importantes sur la
santé de la population humaine, notamment le développement de cancers de la
peau et de certaines cataractes. Les recherches présentées dans cette thése
visaient a quantifier les effets des aérosols et de I'ozone sur les UV de surface, ainsi
qu'a estimer le risque de cancer des kératinocytes posé au public en raison de

I'exposition aux UV solaires.

L'ozone stratosphérique est le constituant atmosphérique le plus important pour
I'absorption des rayons ultraviolets solaires entrants. Il a été démontré que la
formation annuelle du trou d'ozone antarctique affecte les niveaux d'ozone
stratosphérique dans I'hémisphere sud et entraine une augmentation des rayons UV
a la surface en raison du passage du vortex polaire au printemps et en été austral.

L'effet radiatif des aérosols des éruptions volcaniques et de brulage de la biomasse
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peut affecter de maniére significative les niveaux du rayonnement solaire UV de
surface. Les effets des éruptions volcaniques et du brulage de la biomasse ne se
limitent pas aux régions sources, mais peuvent étre observés a des milliers de

kilométres.

En examinant les événements de faible niveau d’ozone survenus au printemps et en
eté a Cape Point en Afrique du Sud, les origines des masses d’air pauvre en ozone
ont été déterminées a l'aide d’'un modele de transport dynamique. Les origines des
masses d'air pauvres en ozone a Cape Point provenaient principalement des régions
subtropicales de la basse stratosphere (435 K - 485 K) et rarement du vortex polaire
dans la haute stratosphere (600 K). De plus, ces événements a faible abondance en

ozone ont contribué a une augmentation des rayons UV de surface par ciel clair.

L'étude de I'effet des aérosols provenant d'une éruption volcanique et de brulage de
la biomasse a indiqué que les éruptions volcaniques peuvent augmenter la charge
en aérosols aussi bien a la source qu'au-dessus de sites secondaire éloignés. La
combinaison des observations et d'un modéle de transport ont montré que
'augmentation de la charge en aérosol résulte de dispersion et transport large-
échelle des panaches. A l'aide d'un modéle de transfert radiatif, I'effet radiatif des
aeérosols et de I'ozone troposphérique durant la saison des feux en Afrique australe a
été analysé et quantifie. Les aérosols pendant la saison des feux ont un effet radiatif
plus important que celui de I'ozone troposphérique. Comparé aux conditions de fond,
l'ozone troposphérique représentait des changements inférieurs a 1% de I'UV de

surface, alors que les aérosols représentaient des changements allant jusqu'a 14%.

A l'aide d'une nouvelle méthode d'évaluation des risques, le risque de cancer des
kératinocytes de scénarios hypothétiques de travailleurs en intérieur et en plein air
du Cap a été évalué pour des individus de différents phototypes. L'évaluation a
révelé que les travailleurs en extérieur sont les plus exposés, en particulier ceux qui

avaient des types de peau plus clairs.

En utilisant une nouvelle méthode pour développer un « facteur de pondération »,

une évaluation des risques de carcinome basocellulaire (BCC) et de carcinome
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epidermoide (SCC) a été réalisée pour des individus de différents phototypes de
peau. L'évaluation des risques a utilisé des scénarios hypothétiques d'un travailleur
a lintérieur et a l'extérieur, dans la région du Cap. L'évaluation a révélé qu'un
travailleur en plein air était plus a risque de BCC et de SCC, en particulier ceux qui

avaient la peau plus claire.

Aprés avoir démontré comment les modifications des paramétres atmosphériques
peuvent affecter les rayons UV de surface et le risque de cancer des kératinocytes
pour les deux groupes d’individus, il est important de surveiller les paramétres
atmosphériques pour développer des informations appropriées sur des protections
solaires adaptées par groupes de populations a risque et de les prendre en compte

pour I'élaboration de campagnes de prévention du cancer de la peau.
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Chapter 1 Introduction

1.1 Introduction

Solar ultraviolet radiation (UVR) reaching the surface of the Earth has potentially
positive and negative impacts on human health with a large percentage of the global
population living in regions which experience high levels of UVR in a year (Lucas et
al., 2019). Solar UVR at the surface further affects terrestrial and aquatic

ecosystems (Bornman et al., 2019; Williamson et al., 2019).

The amount of solar UVR reaching the Earth’s surface is influenced by several
factors such as ozone, aerosols, cloud cover etc (Lerche et al., 2017) — see section
1.2. The research presented in this thesis focussed on the effects of two of these
atmospheric parameters, namely ozone and aerosols, on solar UVR at the surface in
South Africa. South Africa is located between 22° and 34° South of the Equator and
most of the interior of the country is situated on an inland plateau at an altitude
greater than 1 000 m above sea level (Figure 1-1).
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Figure 1-1. Provinces, main cities and elevation above sea-level of South Africa.



The latitude and elevation of South Africa result in high levels of surface UVR which
can be experienced over large parts of the country. An analysis of surface solar UVR
over South Africa found that 75% of daily noon observations can be categorised as
high according to the UV Index (UVI) scale (Cadet et al., 2017). Excessive exposure
to solar UVR affects human health and can result in the development of skin cancer
and cataracts (Juzeniene et al.,, 2011; Lucas et al.,, 2019). In South Africa, skin
cancer incidence rates are relatively high among population groups with lightly
pigmented skin (Norval et al., 2014). Understanding how solar UVR is affected by
various atmospheric factors and how different population groups are affected by skin

cancer can improve targeted skin cancer prevention campaigns.

1.2 Solar UVR

Before the effects of ozone and aerosols on surface UVR can be investigated, it is
important to understand what other factors affect surface UVR. Solar UVR is part of
the electromagnetic spectrum with a wavelength band between 100 nm and 400 nm
(Figure 1-2) (CCOH, 2016). Solar UVR is divided into three bands: UVA (315-400
nm), UVB (280-315 nm) and UVC (100-280 nm) due to the varying biological effects
of UVR within these different bands (Madronich et al., 1998).

ELECTROMAGNETIC SPECTRUM
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Figure 1-2. The electromagnetic spectrum and ultraviolet radiation subdivisions. (Retrieved
from Canadian Centre for Occupational Health and Safety, accessed on 5§ November 2020.)

UVB and UVA radiation can penetrate the atmosphere and has implications for
human health. Due to the risks associated with personal exposure to solar UVR, the
UVl (WHO, 2002) was developed to represent the strength of solar UVR at the
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earth’s surface and create public awareness. The index represents erythemally-
weighted UVR (280-320 nm) and ranges between 1 and 11 (Fioletov et al., 2010)
(Figure 1-3) (WHO, 2002).
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Figure 1-3. The Ultraviolet Index (UVI) values ranging from lowest
to highest. (Retrieved from WHO report: Global solar UV index: a
practical guide)

1.2.1 Factors affecting solar UVR at the Earth’s surface

Factors affecting solar UVR at the surface vary with location, time and
environmental conditions (Lerche et al., 2017). In the following subsections,
several factors affecting solar UVR at the surface are discussed. These
include solar zenith angle (SZA), latitude and altitude which are dependent on

the specific location of a particular site.

1.2.1.1 SZA

The SZA is the angle measured from the surface between the Sun and a point
directly above the observer (AmericanMeteorologicalSociety, 2019) (Figure
1-4). The SZA of the sun depends on the time of day, day of the year and
geographical location (Diffey, 2002). At larger SZAs, UVR is lower as the path
through the atmosphere is longer and results in more attenuation of UVR
through the scattering and absorption by particles and gases in the

atmosphere.

The SZA angle further influences the amount of solar UVR reaching a surface
and is referred to as Lambert’s Cosine Law. UVR reaching a surface at an
included angle illuminates a larger area compared to UVR radiation from an

orthogonal angle (Ryer, 1997).
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Figure 1-4. Diagram of the solar zenith angle position relative to the observer.
(Retrieved from Glossary of Meteorology, American Meteorological Society,
accessed 5 November 2020)

1.2.1.2 Latitude

At sites near the Equator where the minimum SZA approaches zero, UVR will
be highest under clear-sky conditions (McKenzie et al., 2009). As a result,
sites closer to the Equator experience higher UVR levels compared to sites
closer to the poles. Therefore, comparing sites at different latitudes can result

in large differences in the observed solar UVR.

1.2.1.3 Altitude

Solar UVR increases with altitude as the path that radiation has to travel
through the atmosphere is shorter and therefore less scattering and
absorption can occur (Sola et al., 2008). Furthermore, in high altitude regions
where the surface is covered by snow and surface albedo is high may

experience enhanced UVR (Kylling et al., 2000).

The composition of the atmosphere changes with altitude. As altitude
increases, the composition of the atmosphere changes and pressure
decreases almost exponentially due to the hydrostatic balance (Madronich,
1993). As the number of air molecules decreases, UVR can increase. This is
referred to as the altitude effect and is dependent on the extinction properties
of aerosols, clouds, ozone and albedo (Pfeifer et al., 2006). In the

troposphere, UVR can increase between 5 - 40% per kilometre (Alexandris et



al., 1999). The absorption of UVB radiation by stratospheric ozone increases
as the wavelength of solar UVR decreases (Fioletov et al., 2010).

1.2.1.4 Cloud cover

Cloud cover affects the variability of solar UVR at the surface (Bodeker et al.,
1996; Calbd et al., 2005). Due to the large difference in characteristics of
clouds, it is important to understand the spatial, temporal and cloud type
variability that influences the amount of solar UVR at the surface (Udelhofen
et al., 1999). Depending on the cloud type, position of the cloud relative to the
sun and geometry, partly cloudy skies can enhance or reduce solar UVR
(Bodeker et al., 1996). The effects of atmospheric ozone and aerosols on
solar UVR received at the Earth’s surface are described in Sections 1.3 and

1.4, respectively.

1.3 Atmospheric ozone

Atmospheric ozone is an important factor for the attenuation of incoming solar UVR.
Approximately 90% of atmospheric ozone is found in the stratosphere (Figure 1-5)
(Bojkov, 1995) between 16 and 50 km and is associated with high potential vorticity
(PV) (Bekki et al., 2009). PV is defined as the absolute circulation of an air parcel
between two isentropic levels (Holton et al., 2012). In the stratosphere, solar UVR in
the UVB and UVC bands is strongly absorbed by ozone and causes surface solar

UVR to sharply decrease with decreasing wavelength (Fioletov et al., 2010).

Tropospheric ozone is found between the surface and 16 km above the surface. It is
a short-lived chemical pollutant that can have impacts on public health (Monks et al.,
2015). In the troposphere, the air is denser which increases the photon pathlengths
due to Rayleigh scattering and ozone can absorb solar UVR due to Rayleigh
scattering (Bruhl et al., 1989; Madronich et al., 2011).

The total amount of ozone contained in a column of air is expressed a the Total
column ozone (TCO) concentration (Hegglin et al., 2015). TCO measurements are

usually given in Dobson Units (DU) and one Dobson unit is the number of ozone



molecules needed to create a layer of ozone that is 0.01 mm thick at standard

temperature and pressure.
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Figure 1-5. Typical ozone profile with stratospheric and
tropospheric ozone ranges. (Retrieved from Scientific Ozone
Assessment 1994)

In the following subsections 1.3.1 — 1.3.3, the formation of atmospheric ozone
(tropospheric and stratospheric), the transport and the Antarctic ozone hole are

discussed.

1.3.1  Ozone formation

The formation of stratospheric ozone is generally in equilibrium and forms
through a photochemical reaction with sunlight and oxygen molecules (Hamill
et al., 1991; Hegglin et al., 2015). The largest formation of stratospheric ozone
occurs in the tropical stratosphere and is distributed through the atmosphere by
various dynamical and chemical processes (Toihir et al., 2018; Weber et al.,
2011). These processes can affect ozone concentrations in both the

stratosphere and troposphere.

In the troposphere, ozone can originate from the stratosphere through

stratosphere-troposphere exchange (STE) (Cooper et al., 2014) or form



through a chemical reaction involving ozone precursors in the presence of
sunlight (Monks et al., 2015). These ozone precursors originate from natural
and anthropogenic sources and include gaseous species such as nitrogen

oxides (NOx), carbon monoxide (CO) and volatile organic compounds (VOCs)
(Vakkari et al., 2014).

1.3.2 Ozone transport

Following the formation of stratospheric ozone in the subtropical stratosphere,
stratospheric ozone is transported through various circulation systems. The
Brewer-Dobson Circulation (BDC) (Figure 1-6) (Flury et al., 2013) refers to the
circulation pattern where air masses from the troposphere enter the
stratosphere in the tropics and are then moved upwards and poleward before
the air masses descend in the middle and high latitudes (Butchart, 2014; Cohen
et al.,, 2014). The BDC refers to the meridional overturning by wave-driven
circulation (Cohen et al., 2014; Portafaix et al., 2003) and is responsible for the

large-scale transport between the stratosphere and troposphere (Olsen et al.,
2004).
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Figure 1-6. Diagram of the Brewer-Dobson Circulation. (Retrieved from
Flury et. al., 2013 “Variability in the speed of the Brewer—Dobson
circulation as observed by Aura/MLS”)



The variability in the equatorial stratosphere is dominated by the Quasi-Biennial
Oscillation (QBO). The QBO refers to the downward propagation on the
easterly and westerly winds (zonal winds) averaged over 28 months (Baldwin et
al., 2001; Pascoe et al., 2005). The interaction between the zonal mean flow
and the equatorial planetary waves are responsible for the QBO (Plumb, 1977).
The QBO affects the dynamics and chemical constitutions of the atmosphere
as well as the stratospheric poleward flow of ozone outside of the tropics
(Baldwin et al., 2001). Ozone concentrations in the lower stratosphere increase
during the westerly phase of the QBO and decrease during the easterly phase
(Kusuma et al., 2019).

While the meridional and zonal transport of stratospheric ozone can occur
through the BDC and QBO, respectively. The vertical exchange of air masses
and ozone between the stratosphere and troposphere can occur through STE
as well. Stratosphere intrusions can transport air masses with high ozone and
high PV levels to the troposphere (Mkololo et al., 2020). These stratospheric
intrusions impact the chemical budget of the lower stratosphere and upper
troposphere and last between 3 days and 2 weeks (Stohl et al., 2003b). In the
midlatitude region, STE occurs with synoptic-scale and mesoscale processes
and have been observed in tropopause folds and near the subtropical jet, polar
jet and cut-off low systems (COL) (Stohl et al., 2003a). Rossby waves, QBO

and cut-off lows have been shown to impact STE (Ndarana et al., 2010).

Over Southern Africa, COLs are most frequent during autumn and persist for
between three to seven days. COLs play a role in STE which impacts
tropospheric ozone level (Diab et al., 2004; Price et al., 1993). COL can result
in STE through convection due to the deep convection associated with COLSs,
turbulence near the jet associated with a COL or tropopause folding (Price et
al., 1993). In the Southern Hemisphere, Rossby wave breaking is a driving

force between the split flow that is associated with COLs (Ndarana et al., 2010).



1.3.3 Ozone depletion

In Section 1.3, the importance of ozone in the atmosphere was described. The
discovery of a region of extremely low ozone over Antarctica during the 1980s
was of significant importance (Farman et al., 1985). This region of low ozone
was referred to as the “Antarctica ozone hole” and is defined as an area where
TCO concentrations are below 220 DU (Hegglin et al., 2015). During the austral
winter over Antarctica, the ozone hole forms due to the combined effect of
ozone depleting substances (ODS) and the unique meteorological conditions
(Tully et al., 2011). As the polar vortex forms during autumn, air radiatively
cools and Polar Stratospheric Cloud (PSC) particles develop which provides a
surface on which chemical reactions can take place. During late winter, active
halogen species from ODS undergo chemical reactions with sunlight and

decrease ozone levels in the lower stratosphere (Klekociuk et al., 2015).

To limit the release of ODS and to slow the rate of stratospheric ozone
depletion, the Montreal Protocol was adopted in 1987. Dynamical processes
such as STE (Olsen et al., 2004) and the break-up of the Antarctic ozone hole
during the austral spring and summer affect stratospheric ozone concentrations
in the Southern Hemisphere (Ajti¢ et al., 2004; Bandoro et al., 2014). In Section
2.2.2, the effect of the Antarctic ozone hole on stratospheric ozone and surface

UVR over the Southern Hemisphere is discussed.

1.3.4 Ozone recovery

Following the discovery of the Antarctic ozone hole and the implementation of
the Montreal Protocol, atmospheric ozone levels have been monitored by
various activities in the Global Atmosphere Watch (GAW) programme within the

framework of the World Meteorological Organisation (WMO).

Since 2000, ODS levels in the stratosphere have been decreasing and
increases of ozone in the upper stratosphere have been reported to be
between approximately 2% - 4% per decade (Chipperfield et al., 2017). The
lower stratosphere (13 - 24 km) is characterised by large seasonal variation in

ozone. Between 60°N and 60°S, ozone in the lower stratosphere has continued
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to decline (Ball et al., 2018). This negatively impacts the increase in
stratospheric ozone reported above 25 km over the subtropics which has been
reported in the Long-term Ozone Trends and Uncertainties in the Stratosphere
(LOTUS) report (SPARC/IO3C/GAW, 2019). However, these increases in the
upper stratosphere vary from region to region and the source of these
increases is not clearly understood (SPARC/IO3C/GAW, 2019). Over the
equatorial, tropical and subtropical regions of the Southern Hemisphere, there
is a non-significant positive trend in TCO although in the 0°~ 15°S region the
trend is lower compared to regions south of 17°S (Toihir et al., 2018).
Furthermore, tropospheric ozone has increased globally which may be

responsible for the increase observed in TCO (Ball et al., 2018).

Stratospheric ozone depletion in the Southern Hemisphere has influenced
atmospheric circulation patterns. The midlatitude jet has shifted poleward and
has expanded the subtropical dry zone in the troposphere (Banerjee et al.,
2020). This shift can be attributed to ozone depletion in the stratosphere.
Temperatures in the stratosphere have decreased as ozone normally absorbs
energy and heats the stratosphere. Since the early 2000s, the shift in the
midlatitude jet has paused and coincided with the first detected sign of ozone
recovery. Banerjee et al. are among the first authors to make this association
between changes in atmospheric circulation and the Montreal Protocol
(Banerjee et al., 2020; Karpechko, 2020).

Over Irene, South Africa, trends in ozone datasets have indicated that
tropospheric ozone is increasing between 2.4% and 3.6% per decade
(Bencherif et al., 2020; Clain et al., 2009; Thompson et al., 2014). While these
increases in tropospheric ozone can slow down the decline in TCO,
stratospheric ozone has continued to decline between 0.5% and 1.7% per
decade (Bencherif et al., 2020).

1.4 Atmospheric aerosols

Apart from stratospheric ozone, atmospheric aerosols can attenuate incoming solar

UVR and are predominantly found in the troposphere (Tesfaye et al., 2011).
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Aerosols in the troposphere can impact human health and result in respiratory and
cardiovascular illnesses and diseases (Pdschl, 2005).

1.4.1  Aerosol sources

The aerosol loading in the atmosphere, is affected by aerosols from natural
(e.g., dust, sea salt, biomass burning, volcanoes) or anthropogenic sources
(e.g., fossil fuel combustion, industry, biomass burning). These types of
aerosols are referred to as primary aerosols (Haywood et al., 2000). Aerosols
emitted from biomass burning or wildfires are one of the largest contributors of
atmospheric aerosols (Vakkari et al., 2014) as well as volcanic eruptions which
can inject large volumes of aerosols into the atmosphere (Roberts et al., 2018).

Physical and chemical processes in the atmosphere can lead to the formation
of secondary aerosols from gaseous precursors (Haywood et al., 2000).
Secondary aerosols include ammonium and nitrate aerosols. The formation of
secondary aerosols is influenced by the release of primary aerosols from
natural and anthropogenic emissions (Boucher et al., 2013).

1.4.2 The radiative effect of aerosols

Aerosols from natural or anthropogenic sources have a direct or indirect
radiative effect on incoming solar UVR. The direct effect is through the
scattering and absorption of solar UVR (Yu et al., 2006) while the indirect effect
is the formation of clouds as aerosols act as cloud condensation nuclei
(Lohmann et al., 2005) which can affect the amount of solar UVR reaching the

surface.

The radiative effect of aerosols is dependent on their optical properties such as
single scattering albedo (SSA), Angstrom exponent (AE) and aerosol optical
depth (AOD). SSA is a ratio of the scattering and extinction coefficients of
aerosols (Moosmuller et al., 2018). SSA is an important factor in the radiative
effect of aerosols and the impact of SSA is influenced by the AOD (Bais et al.,
2002). AE is an estimate of the particle size which varies in size depending on

the emission source (Eck et al., 1999) and determines the relationship between
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wavelength and extinction (Schuster et al., 2006). AE values are inversely
related to the size of the particle. AE values greater than one are associated
with fine particles such as sulphate particles while values less than one are

associated with coarse particles such as desert dust (O'Neill et al., 2001).

Furthermore, clouds and aerosols are responsible for the large variability in
radiative forcing and aerosols further interact with clouds. Using effective
radiative forcing which includes rapid and net forcings improve radiative forcing

estimates from clouds and aerosols (IPCC, 2013).

1.4.3 Aerosol transport

Aerosols injected into the stratosphere through volcanic eruptions, biomass
burning, and/or extreme wildfires can be transported across vast distances and
are subjected to dynamical processes in the stratosphere (Bégue et al., 2017;
Ohneiser et al., 2020). Similarly, in the troposphere where aerosols may be
abundant, aerosols may be transported across oceans by prevailing winds
(Diab et al., 2004). As a result, the radiative effect of aerosols is not limited to
the source area but impacts the aerosol loading and solar UVR over areas

downwind from the source area.

1.5 Solar UVR exposure and public health

Exposure to solar UVR by people has potential positive health impacts, such as the
production of vitamin D which assists the functioning of the immune system, and
negative health impacts such as sunburn (also known as erythema), skin cancer and
cataracts (Lucas et al., 2019). Personal solar UVR exposure varies significantly from
one individual to another due to factors such as occupation, age, personal
preference of outdoor behaviour, clothing, sun protection and nature of the

environment (Modenese et al., 2018; Schmalwieser et al., 2010).

Excessive exposure to UVB radiation is linked with sunburn and skin cancer while
exposure to UVA radiation is linked with premature ageing of the skin (Dupont et al.,
2013). Intermittent solar UVR exposure and chronic solar UVR exposure are linked

to the development of basal cell carcinoma (BCC) and squamous cell carcinoma
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(SCC), respectively (Watson et al., 2016). Both BCC and SCC are categorised as
keratinocyte cancers (previously known as non-melanoma skin cancer). The majority
of skin cancers start in the epidermis layer. BCCs start in the basal cell layer of the
skin where cell continuously divide to replace the squamous cells that have worn off
(Figure 1-7) while SCCs form in the epidermis (Gordon, 2013).

~Epidermis

Basal cells —

Melanocyte —|

Figure 1-7. Anatomy of the human skin. (Retrieved
American Cancer Association, accessed 5 November
2020)

Globally, there has been an increase in both melanoma and keratinocyte cancers
(Leiter et al., 2014). The incidence of keratinocyte cancer is approximately 20 times
higher than compared to melanoma, has a much lower morbidity rate compared to
melanoma cancer but is associated with high treatment costs (Hay et al., 2014). The
risk of melanoma skin cancer increases with age and is more common among the
Caucasian population (AmericanCancerSociety). Around the globe, incidence rates
have increased over the last decade with New Zealand reporting 50 cases per
100 000 persons (Apalla et al., 2017). In South Africa, the incidence of melanoma
skin cancer is approximately 20 times higher in the white population compared to the
Black African population (Norval et al., 2017). The incidence of melanoma skin
cancer in South Africa is 4.76 per 100 000 for all people and 19.2 per 100 000

among the white population (Norval et al., 2017).
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Keratinocyte cancer is 18-20 times more common than melanoma skin cancer
(Apalla et al., 2017). The incidence of keratinocyte cancer varies around the world,
but Australia has the highest incidence of BCC, reporting 1000 cases per 100 000
persons in 2011 with South Africa reporting 28.58 cases per 100 000 in 2012. The
keratinocyte risk varies between individuals and is related to factors such as age,
skin colour, gender, hair colour and prior skin cancer history influence skin cancer
risk (Gordon, 2013; Thieden et al., 2004).

As mentioned in Section 1.1, South Africa experiences high solar UVR levels
throughout the year. An improved understanding of the factors that affect surface
solar UVR as well as identifying population groups at risk of developing skin cancer,
for example, by using risk assessment tools (Diffey, 1992; Vishvakarman et al.,
2003) can lead to improved decision-making and initiatives to raise public awareness

of the dangers associated with excessive sun exposure.

1.6 Problem statement

How do atmospheric factors such as aerosols and stratospheric ozone affect surface
solar UVR and what are the possible keratinocyte cancer risks associated with
personal exposure to solar UVR in South Africa?

1.7 Rationale of the study

Due to the high levels of solar UVR observed over South Africa, the population living
in South Africa may be vulnerable to the negative health risks associated with
excessive solar UVR. Improving our understanding of the relationship between
stratospheric ozone and solar UVR as well the radiative effect of aerosols on solar
UVR may contribute to an improved understanding of solar UVR levels at the
surface. Such data may also be used as input into an appropriate radiative transfer
model to project levels of solar UVR, for example, for early warning of days expected
to have high solar UVR levels. Furthermore, understanding which individuals have
the highest keratinocyte cancer risks can help identify at-risk population groups and

improve public awareness campaigns for skin cancer prevention.
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1.8 Aim and objectives

The aim of this study was to investigate whether changes in aerosols and/or ozone

parameters result in anomalous surface solar UVR measurements over South Africa.

The objectives of this study were:
1. To investigate the relationship between solar UVB radiation and stratospheric
ozone on clear-sky days and to identify solar UVB radiation anomalies

resulting from changes in stratospheric ozone.

2. To investigate the impact of a volcanic plume on aerosols, using AOD and the

impact on surface UVB radiation at a secondary site.

3. To investigate the impact of tropospheric aerosols and tropospheric ozone on
observed and modelled surface solar UVR levels during the biomass burning

season.

4. To perform a keratinocyte cancer risk assessment for the working adults living

in the City of Cape Town, South Africa.

1.9 Thesis outline

In Chapter 1, a brief introduction of the study is provided. This includes the rationale,

aim and objectives of the study.

Chapter 2 provides a literature review on the factors that affect surface solar UVR as

well as the impact that personal exposure to solar UVR has on public health.

Chapter 3 and Chapter 4 are related to Objectives 1 and 2, respectively, and focus
on the relationships between atmospheric aerosols and ozone on solar UVR

received at the earth’s surface.

In Chapter 5, the radiative effect of tropospheric aerosols and tropospheric ozone

during the biomass burning season are assessed as set out in Objective 3.
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Chapter 6 is related to Objective 4 and focuses on the public health impact
associated with excessive personal exposure to solar UVR. A keratinocyte cancer
risk assessment was performed for indoor and outdoor adult workers living in Cape

Town, South Africa.

Chapter 7 provides a summary of the results presented for each objective as well as
an overall conclusion. In this Chapter, the strengths and limitations of the study are

discussed as well as recommendations for future research.

The following Chapter provides a review of the factors that affect surface solar UVR

and the impacts that exposure to solar UVR has on public health.
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Chapter 2 Literature review

2.1 Introduction — A South African perspective

The African continent experiences high surface UVR levels throughout the year and
South Africa is no exception (Lucas et al., 2016). During the summer months,
surface UVR levels over the interior of the country often exceed 11 UVI, part of the
‘extreme’ category on the UVI scale (Wright et al., 2020).

Over South Africa, stratospheric ozone reaches an annual maximum during spring
and decreases over the summer months when solar UVR is at a maximum (Diab et
al., 1992). Stratospheric ozone levels over South Africa are affected by dynamical
processes such as STE, BDC and ozone transported from the tropics or polar vortex
(Semane et al.,, 2006). These dynamical processes can result in decreases in
stratospheric ozone which can potentially influence surface UVR. Studies
investigating STE over Irene, Pretoria have shown that tropospheric ozone can be
enhanced by STE, most notably during the winter and spring months at a height of
approximately 9 km above ground level (Mkololo et al., 2020). The increase in
tropospheric ozone due to STE during the spring season is minimal as it is similar to

that found in emission reports (Mkololo et al., 2020).

Large parts of South Africa are affected by the seasonal biomass burning in different
regions. This biomass burning can increase the aerosol loading in the atmosphere,
particularly during the spring and summer months (Tesfaye et al., 2011). During the
spring and summer months when UVR is high, changes in atmospheric parameters

such as ozone and aerosols can impact the amount of UVR at the surface.

Aerosols from volcanic eruptions have the potential to impact the local aerosol
loading at secondary sites. Over central Africa, the long-range transport of volcanic
aerosols from the Nyamuragira and Nyiragongo volcanoes in the Democratic
Republic of the Congo has been identified as a source of sulphates in the Amazon
basin (Saturno et al., 2018) while aerosols from the 2011 Nabro eruption were
transported to Asia and the middle east (Clarisse et al., 2014). Studies have shown
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that volcanic eruptions in South America can affect the aerosol loading in Southern
African due to the long-range transport of aerosols (Begue et al., 2019; Bégue et al.,
2020; Shikwambana et al., 2018).

The changes in solar UVR caused by changes in atmospheric parameters such as
ozone and aerosols are important to understand due to the public health impacts
associated with exposure to solar UVR. This is particularly important in South Africa,
which has one of the highest skin cancer prevalence rates worldwide among the fair
skin population groups (Norval et al., 2014) and where and the cost of treating skin
cancer has been estimated to be high (Gordon et al., 2016). Since skin cancer
related to sun exposure is essentially a preventable disease, it is important to
understand how atmospheric parameters influence UVR at the surface and the
health risks associated with exposure to UVR, to guide behaviour and sun protection

awareness messages.

In this section, a literature review of previous research is presented in line with the
objectives set out in Chapter 1 and the results are presented in Chapter 3 - 6 of this

thesis. The following section focuses on ozone and solar UVR.

2.2 Ozone and the absorption of UV radiation

Solar UVR in the UVB and UVC bands is strongly absorbed by stratospheric ozone
resulting in decreased UVR at the surface (Fioletov et al., 2010). Most of the
radiation in the solar UVA band reaches the Earth’s surface and some solar radiation
in the UVB band reaches the surface depending on stratospheric ozone

concentrations.

2.2.1 Relationship between UVR and Ozone

Given the important role that stratospheric ozone plays in absorbing UVR, it is
important to understand how changes in stratospheric ozone affect surface
UVR. Furthermore, the variability in surface UVR corresponds to the opposite
trends in atmospheric ozone, particularly under clear-sky conditions (Basher
et al., 1994). The variability in surface UVR caused by the presence of clouds,

as described in Section 1.2.1.4, the inverse relationship between ozone and
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UVR is best studied under clear-sky conditions. The clear-sky conditions can
be identified using cloud-cover observations, data from sky cameras and
algorithms that examine the radiometric curves to determine the presence of
clouds (Bodeker et al., 1996; Cadet et al., 2020).

The relationship between ozone and surface UVR has been described as an
inverse and non-linear relationship in several studies (Guarnieri et al., 2004;
Herman et al., 1998). Apart from the influence of cloud cover, the SZA has
been highlighted as an important factor when investigating the relationship
between ozone and surface UVR (Bodhaine et al., 1997; Guarnieri et al.,
2004; McKenzie et al., 1991; Prause et al., 2002; Prause et al., 1999).

The relationship between solar UVR and TCO is demonstrated in the
analytical formula (Equation 1) used to calculated clear-sky UVI. The
transmission of UVA and UVB radiation through the atmosphere is accounted
for by including the TCO and SZA (Madronich, 2007). The clear-sky UVI can
be calculated as follows:

UVI~12.5u24%(0Q/300)1-23 Equation 1

Where o is the cosine of the SZA and Q is total column ozone.

To quantify how changes in TCO affect surface UVR, the radiation
amplification factor (RAF) can be used (Equation 2). The RAF describes the
percentage increase in erythemal UVR for a 1% decrease in TCO (McKenzie
et al., 1991) and accounts for larger changes in TCO which affect erythemal
UVR through the power-law relation (Booth et al., 1994). The RAF can be
calculated as follows:

RAF (ﬂE) (.'}.03) Equation 2
= —|— — uati
E / 04 9

Where E and Os are irradiances and total ozone and AE and AQOs; are the respective
changes in each.
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As the factors affecting surface UVR vary with place and time, there is not an
applicable RAF for the entire world. Massen et. al., (2013) found that RAF
varies between 0.79 and 1.7 (Massen, 2013) indicating that a 1% decrease in

TCO can result in increased UVR at the surface between 0.79% and 1.7%.

Since the early 2000s, there has been evidence that stratospheric ozone has
started to recover mainly due to the decrease in ODS. However, the recovery
of stratospheric ozone is not only dependent on the level of ODS in the
atmosphere but the release of greenhouse gases will further influence ozone
recovery (Bais et al., 2011). As discussed in Section 1.3.4, the recovery of
stratospheric ozone extends beyond the stratosphere and impacts
atmospheric processes such as the midlatitude jet in the troposphere. The
midlatitude jet plays an important role in the formation of weather systems in

the troposphere (Barnes et al., 2021).

Surface UVR depends on tropospheric factors such as cloud cover and
aerosol loading, simulations of erythemal surface UVR have been produced
from 1960 to 2100. Using projections from the chemistry-climate model, the
simulations project that surface UVR will reach the 1980s level around
midway through the 21st century in the Southern Hemisphere. Globally,
surface UVR is expected to decrease throughout the 21st century as

atmospheric ozone recovers (Bais et al., 2011).

2.2.2 Antarctic ozone hole

An important consequence of the formation of the Antarctic ozone hole is the
dilution of ozone-depleted air masses into the midlatitudes of the Southern
Hemisphere during the austral summer (Ajti¢ et al., 2004). The reduction in
stratospheric ozone due to the dilution of the Antarctic ozone hole and
increased UVB radiation has been most notable over South America (Abarca
et al., 2002a; Abarca et al., 2002b; Kirchhoff et al., 1997; Pérez et al., 2000)
but has also been observed over Australia (Gies et al., 2013). Dynamical
transport models such as the Modéle Isentrope du transport Méso-échelle de

'Ozone Stratosphérique par Advection (MIMOSA) provide dynamical
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components that can be used to trace the origin of ozone-poor air masses. PV
can be used as a quasi-passive tracer of ozone when diabatic and frictional

terms are small and PV is conserved on isentropic levels (Holton et al., 2012).

Some of the largest decreases in TCO due to the Antarctic ozone hole has
been observed over South America. Cities such as Punta Arenas (53°S),
Chile, Ushuaia (55°S), Argentina and Rio Gallegos (51.5°S), Argentina have
all experienced increased surface UVR due to the dilution of the Antarctic
polar vortex during the austral spring and summer. Between 1987 and 2000,
decreases in TCO by as much as 56% (145 DU) were observed over both
Punta Arenas and Ushuaia (Abarca et al., 2002a). Similar low-ozone events
have been observed over Rio Gallegos. During one particular event, Rio
Gallegos was contained within the Antarctic polar vortex for three consecutive
weeks in November 2009 (Akiyoshi et al., 2018). This resulted in TCO levels
near 200 DU (Wolfram et al., 2012). Using dynamical transport models such
as MIMOSA, the rapid changes in atmospheric ozone over Rio Gallegos have
been attributed to the passage of the polar vortex at isentropic levels between
475 K and 675 K (Orte et al., 2019).

Across South America, low-ozone events such as these have resulted in
increased levels of surface UVR. Increases in surface UVR at 300 nm
(Abarca et al., 2002b), daily maximum UVI levels of 13 (Wolfram et al., 2012)
and increases in the number of sunburn cases reported at hospitals have all

be associated with the dilution of the Antarctic polar vortex.

Over southern Australia during August 2011, surface UVB radiation increased
by approximately 40% due to a reduction in TCO. The reduction in TCO was
due to the transport of ozone-poor air masses from the tropics in the lower
stratosphere (395 K) as well as a flament of ozone-poor air from the edge of
the Antarctic ozone hole in the high stratosphere (600 K) (Gies et al., 2013).

Over Irene, South Africa, a low ozone event occurred in May 2002 when TCO

reached 226 DU, approximately 23 DU below the monthly average (Semane
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et al., 2006). The analysis of the dynamical situation attributed the low ozone
levels to the transport of ozone-poor air from Antarctica in the middle
stratosphere (625 K) as well as the transport of ozone-poor air from the
tropics in the lower stratosphere (400 K) (Semane et al., 2006). Furthermore,
investigating the STE over Irene indicated that dynamics from the polar vortex
affected STE over Irene at approximately 350 K (Mkololo et al., 2020).

The examples described here demonstrate that the Antarctic ozone hole can
impact stratospheric ozone levels and surface solar UVR in the midlatitudes of
the Southern Hemisphere. The Antarctic ozone hole usually affects ozone in
the high stratosphere at approximately 600K. Furthermore, ozone in the lower
stratosphere can be affected by ozone-poor air from the tropics. Dilution of the
Antarctica ozone hole has been shown to impact surface UVR on other
continents but not yet for Africa. In this thesis, the decreases in stratospheric
ozone over South Africa due to the dilution of the Antarctic ozone hole and the
possible impact on surface UVR were investigated. In Chapter 3, the results
and discussion of the investigation into the impact of the Antarctic ozone hole
on Cape Point as well as the relationship between UVR and ozone are
presented.

In the following subsections (2.3.1 and 2.3.2), the radiative effect and
transport of aerosols from volcanic eruptions and biomass burning are

discussed.

2.3 Aerosols: UVR absorption and transport

Atmospheric aerosols from natural and anthropogenic sources play an important role

in the radiation balance of the Earth. The radiative effect of aerosols is largely

dependent on their optical properties. Volcanic eruptions and biomass burning

events are responsible for some of the largest increases in aerosol loading. Aerosols

from these events can be transported vast distances. To improve radiative transfer

models, it is important to understand how aerosols with different optical properties
impact surface UVR (Dubovik et al., 2002).
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2.3.1 Aerosol anomalies and the effect on UVR

2.3.1.1 Volcanic aerosols and UVR

The optical properties of aerosols released by volcanic eruptions and biomass
burning determine the impact on solar UVR (Diaz et al., 2014). Following the
eruption of the Puyehue-Cordon Caulle Volcanic Complex (PCCVC) on 4
June 2011, the resulting volcanic plume affected the aerosol loading in nearby
towns (Bonadonna et al., 2015; Diaz et al., 2014) and the Southern
Hemisphere (KlUser et al., 2013). Across Southern Chile, increases in AOD
and decreases in AE were accompanied by increases in aerosol variability in
comparison with previous years. The resulting volcanic plume decreased
solar UVR at several stations across southern Chile. At 305 nm and 320 nm,
the average decrease in UVR following the eruption was approximately 20%
and 10 %, respectively. At 380 nm, the decrease in UVR was not statistically
significant, although large decreases were observed on days when the

aerosol loading was higher (Diaz et al., 2014).

The radiative effect of volcanic aerosols has been observed following other
volcanic eruptions as well. During the eruption of Mount Etan on 3 December
2015, surface UVR decreased over south-eastern Italy by approximately 60%
as the volcanic plume passed over the region (Romano et al., 2018). Changes
in AOD, temperature and relative humidity were also observed (Romano et
al., 2018).

2.3.1.2 Biomass burning and UVR

Biomass burning is one of the major sources of carbonaceous aerosols in the
Southern Hemisphere (Haywood et al., 2000) and can be present in both the
troposphere and stratosphere. These aerosols can remain in the troposphere
for several weeks and can potentially impact solar UVR (Haywood et al.,
2000).

Between April and May 2006, biomass burning occurred in several Baltic
countries. The particles released in the atmosphere by these fires were then
transported over northern Europe. As a result, the Observatory of Jokioinen
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(60.81 N, 23.50 E) in Finland observed large increases in AOD which resulted
in decreased noon-time surface UVR at 340 nm of approximately 35% (Arola
et al., 2007). The changes in AOD were most notable over a two-week period

and were observed with both satellite and ground-based instruments.

Further anomalous AOD observations resulting from biomass burning have
been identified using satellite observations from the Tropospheric Monitoring
Instrument (TROPOMI). Some of the most notable events include the 2019
Amazon Basin fires and the 2019/2020 Australian Bush fires (Torres et al.,
2020). As the aerosol plume from the Amazon Basin fires in 2019 was
transported southeast, it reached major cities like S&o Paulo which were

plunged into darkness (Hughes, 2019).

Over the north and eastern parts of Southern Africa, the annual biomass
burning season occurs between July and November (Hobbs et al., 2003)
when AOD and tropospheric ozone reach a maximum in the austral spring
(Clain et al., 2009; Diab et al., 2004; Thompson et al., 2001). Using data from
satellites, data from the Southern African Regional Science Initiative (SAFARI
2000) field campaign and the Edwards-Slingo radiative transfer code it was
demonstrated how smoke from biomass burning has a negative radiative
effect on surface UVR (Abel et al., 2005; Hobbs et al., 2003). Furthermore,
the radiative effect of the smoke was sensitive to the vertical distribution and

optical properties of aerosols (Abel et al., 2005).

2.3.1.3 Tropospheric ozone and UVR

Tropospheric ozone is a common chemical species found in urban smog and
is a secondary pollutant formed due to the emissions from biomass burning
and industrial activities (Madronich et al., 2011; Thompson et al., 2001).
Previous studies found that there is an inverse relationship between surface
UVR and tropospheric ozone (Bruhl et al., 1989; Madronich et al., 2011).
Using two control scenarios with differing tropospheric ozone levels over the
United States of America, the study found that tropospheric ozone can result

in small changes (<1%) in surface UVR (Madronich et al., 2011).
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At the Irene weather station of the South African Weather Service (SAWS),
the annual peak (in September) in tropospheric ozone is attributed to the
transport of emissions from the biomass burning region due to the dominant
subtropical anticyclone. Over the summer months, tropospheric ozone levels
decrease due to the advection of air masses from the Indian Ocean by

easterly winds and convective activity (Diab et al., 2004).

2.3.2 Volcanic aerosol transport

During volcanic eruptions, wildfires and biomass burning events, the transport
of the particles or plumes released into the atmosphere is dependent on the
injection height, the type of particles and the prevailing meteorological
conditions at the time of the event (Bonadonna et al., 2015). To study the
transport of aerosol plumes, satellites provide a global view of AOD, ash,
carbon monoxide, sulphur dioxide and ash parameters which are all affected
by emissions from volcanic eruptions, wildfires and biomass burning.
Computational models such as the Flexible Particle (FLEXPART) dispersion
model and the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model can simulate the trajectories of particles in forward or

backward directions (Romano et al., 2018).

Volcanic ash, sulphur dioxide and chlorine dioxide are some of the chemical
species that have been observed from satellite observations of volcanic
eruptions. Satellites such as the Infrared Atmospheric Sounding
Interferometer (IASI), the Global Ozone Monitoring Experiment (GOME) and
the Ozone Monitoring Instrument (OMI) provide information on volcanic
emissions which help mitigate the danger posed to the aviation industry
(Athanassiadou, 2016).

The eruption of the PCCVC in June 2011 resulted in a volcanic plume that
circled the Southern Hemisphere and affected air traffic on three continents
(Kliser et al., 2013). Satellite observations of sulphur dioxide (Figure 2-1)
(Clarisse et al., 2012) and volcanic ash from the IASI instrument clearly show
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the south-easterly dispersion of the plume across South America as well the
dispersion across the rest of the Southern Hemisphere (Clarisse et al., 2012;

Figure 2-1. Composite image of Sulphur dioxide observed between 20 May to 30 June
2011 from IASI observations. (Retrieved Clarisse et. al., 2012 “Retrieval of sulphur dioxide
from the Infrared Atmospheric Sounding Interferometer (IASI).”

Kliser et al., 2013; Theys et al.,, 2013). The plume circled the Southern
Hemisphere within 10-days and was observed near the south-eastern parts of
Australia at altitudes between 8 km and 12 km using aerosol profiles from the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellte Observations
(CALIPSO) instrument (Vernier et al., 2013). Using the particle dispersion
model FLEXPART, the dispersion of the plume across South America was
investigated and found to be similar to the satellite observations (Kluser et al.,
2013; Theys et al., 2013).

The long-range transport of volcanic aerosols has been demonstrated with
satellite observations as well as dispersion models following previous volcanic

eruptions such as the Mount Pinatubo eruption in June 1991, Jebel al-Tair
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eruption in 2007 and the Calbuco eruption in 2015. The plume from the Mount
Pinatubo eruption reached a height of 30 km, injecting particulate matter and
sulphur dioxide into the stratosphere (McCormick et al., 1995). The resulting
plume was dispersed westwards around the globe and was dispersed across
the equator to 10°S (McCormick et al., 1995).

The Jebel al-Tair volcano in Yemen resulted in a volcanic plume that was
dispersed over many countries on the Asian continent and reached as far as
China (Clarisse et al., 2008). Using satellite observations and dispersion
models, the dispersion of the Calbuco plume from South America across the
Atlantic Ocean towards Southern Africa was demonstrated (Bégue et al.,,
2020; Shikwambana et al., 2018). The dispersion of the Calbuco plume

resulted in AOD anomalies over Southern Africa (Bégue et al., 2020).

In the above-mentioned studies, the radiative effect of aerosols from volcanic
eruptions and biomass burning as well as the transport of volcanic plumes
demonstrate the impact on secondary sites at varying distance from the
source regions. However, these studies do not investigate the impact on the
aerosol loading of the volcanic eruption nor the radiative effect of biomass
burning aerosols over South Africa. In this thesis, the effects of aerosols from
a volcanic eruption and aerosols from biomass burning on surface UVR were
investigated. The results and discussion are presented in Chapter 4 and

Chapter 5, respectively

2.4 UV-induced skin cancer risks

The South African population consists of individuals of varying skin phototype

(Wilkes et al., 2015). The relatively high incidence rate of skin cancer has resulted in

substantial healthcare costs for treatments (Gordon et al., 2016). Since skin cancer

is a preventable disease, the risks of skin cancer can be reduced if at-risk population

groups avoid excessive sun exposure.
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2.4.1 Risk factors
The risk of keratinocyte cancer is associated with several risk factors as given
in Section 1.5. In subsections, 2.4.1.1 - 2.4.1.3, the roles of these risk factors

relating to keratinocyte cancer are discussed.

2.4.1.1 Skin phototypes

Melanin in the basal layer of the epidermis is not only responsible for skin
colouring but absorbs UVR, protecting humans from UVR (Brenner et al.,
2008). The amount of melanin within the skin can be measured using a skin
colourimeter which provided useful information for epidemiological studies
(Wilkes et al., 2015). Due to the role that melanin plays in protecting humans
from UVR, it is important to consider the skin phototype of an individual in

keratinocyte risk assessments (Apalla et al., 2017; Madan et al., 2010).

Generally, the Fitzpatrick skin phototype (FST) (Fitzpatrick, 1988)
classification (Table 2-1.) is used to determine the phototype of an individual
by assessing the ability to tan and the tendency to burn. Although there is a
strong link between FST and skin cancer, the FST classification method was
not developed for this purpose and the interdependency between the ability to
tan and the tendency to burn in the FST classification were based on data
collected from questionnaires. This questionnaire resulted in a limited number
of possible answers. As a result, Holm-Schou et. al. (2019) proposed a new
skin cancer phototype (SCP) which is directly related to skin cancer risk
(Holm-Schou et al., 2019). Using validated skin cancer data and skin
attributes of individuals, the SCP showed a linear relation with skin cancer risk

and therefore was suggested as a good predictor of skin cancer.

2.4.1.2 Age, occupation and activities

The incidence of keratinocyte cancer increases with age, with a larger
percentage of new cases reported in people older than 60-years (Madan et
al., 2010). Age furthermore plays an important role in the occupational and
recreational activities of individuals. A 14-year sun exposure follow-up study

(Thieden et al., 2019) showed that when individuals moved from high school
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to indoor occupations there was a 30% decrease in the estimated annual
dose as well as a decrease in exposure at peak UVR periods.

The sun exposure a working adult received during occupational activities is
largely dependent on the type of occupation. For instance, sun exposure
studies have shown that outdoor workers receive between two and nine times
(Godar, 2005; Milon et al., 2014) the annual solar UVR exposure dose
compared to indoor workers. Studies have shown that there is a strong
relationship between occupational sun exposure and the incidence of both
BCC and SCC (Bauer et al., 2011; Fartasch et al., 2012; Filon et al., 2019).
Due to the higher annual doses received by outdoor workers, their risk of
keratinocyte cancer and sunburn are higher (Guy et al., 2002; Vishvakarman
et al., 2003; Wright et al., 2013).

Table 2-1 Fitzpatrick skin phototype classification. Standard Erythemal Dose (SED), where 1
SED is equal to 100 Jm2,

Minimum dose for
Characteristics
FST erythema (SED)
Extremely sensitive, white skin, light 0.3
eyes, freckles
Overly sensitive, white skin, blonde
I 25-35
hair, hazel/brown eyes
" Moderately sensitive, light brown 3.5
skin, brown hair, brown eyes
Dark hair, light brown skin, dark
v 45-6
eyes
Variable sensitivity, brown skin,
V brown eyes, dark brown or black 6-10
hair
Brown eyes, black skin, dark brown
VI 10 - 20
or black hair
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Sun exposure studies have shown that certain activities and environments
result in higher UVR exposure than others (Diffey, 2018). The exposure and
risk related to activities such as golf were linked to the time that golfer started
their round. Golfers starting in the mid to late morning were at greater risk
(Downs et al., 2011). In comparison to hiking and skiing, triathletes receive
higher UVR doses due to the long periods these individuals spend outdoors

and the limited use of sun protection (Downs et al., 2020).

2.4.1.3 Risk management

For individuals to enjoy outdoor activities and the positive health benefits
associated with sun exposure, sun-safe strategies can be used to limit the
risks by managing the time and place when UVR exposure occurs. As
explained described in Section 1.2.1.1, UVR is at a daily maximum near solar
noon. Avoiding exposure during the time before noon and early afternoon is
one way to limit the risk posed to an individual (Diffey, 2018).

Using physical and chemical barriers against UVR can further mitigate the
risks posed to an individual. Physical barriers such as shading, clothing and
hats provide protection from the sun. Hats do not only protect the scalp which
is a site for keratinocyte cancer development but provide protection for the
face and neck as well (Diffey, 2017). Lastly, chemical barriers such as
sunscreen absorb UVR. The level of protection provided by a sunscreen is
dependent on the Sun Protection Factor (SPF) and describes the period for

which the sunscreen will provide protection (Diffey, 2017).

2.4.2 Risk assessment models

To estimate keratinocyte cancer risk, models have taken different
approaches. One risk assessment model was based on epidemiology and
experiments on hairless mice to determine keratinocyte cancer risk at a
particular age (Slaper et al., 1987). This model incorporated the annual sun
exposure of an individual (Diffey, 1992; Milon et al., 2014; Vishvakarman et
al., 2003). Whiteman et al.2016 (Whiteman et al., 2016) proposed a logistic

regression model to estimate keratinocyte cancer risk based on surgically
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excised carcinomas from a large population cohort. The regression model
was improved using different predictors (e.g., age, sex, ethnicity, freckling
etc.). Using the predictor, namely >20 prior skin cancer excised, improved the

reliability of the model.

The keratinocyte cancer risk assessment model has been used to quantify the
increased risk of keratinocyte cancer due to stratospheric ozone depletion
(Diffey, 1992), potential benefits of sun exposure downs (Downs et al., 2009)
and the risk for indoor and outdoor workers in Australia and South Africa (Guy
et al., 2002; Vishvakarman et al., 2003). These studies have shown that
outdoor workers have more than twice the risk compared to indoors workers

and that the risk increases for individuals over the age of 40 years.

Present studies consider the impact of occupation on sun exposure but do not
account for individuals with different phototypes. In this thesis, a novel
approach was used to estimate the keratinocyte cancer risk for individuals of
different FSTs and the results are presented and discussed in Chapter 6. Risk
assessments that provide detailed information about at-risk groups are key to
developing skin cancer prevention and sun protection campaigns for high-risk

group populations groups.
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Chapter 3 Results: The relationship between ozone and ultraviolet

radiation

3.1 Paper overview

As solar UVR passes through the atmosphere it is scattered, absorbed and reflected
by gases and particles in the atmosphere. Apart from atmospheric parameters,
surface UVR is dependent on site-specific factors such as altitude, latitude and

surface albedo (Fioletov et al., 2010) as described in Section 1.2.

Stratospheric ozone can significantly reduce incoming UVB (UVR between 280 - 320
nm) radiation (Bais et al., 2019). The release of ODS and the formation of the
Antarctic ozone hole during the austral spring have resulted in decreased
stratospheric ozone concentrations in the Southern Hemisphere during the summer
months (Bais et al., 2015). The decline in stratospheric ozone and the break-up of
the polar vortex during the austral spring and summer have led to increases in
surface UVR particularly when ozone-poor air masses from the ozone hole are
transported over areas such as South America, Australia, and New Zealand (Abarca
et al., 2002a; Abarca et al., 2002b; Gies et al., 2013; McKenzie et al., 1999). These
elevated levels of solar UVR at the surface can have negative impacts on public
health (Young et al., 2017).

This manuscript investigated the relationship between ozone, both total column and
stratospheric, and solar UVR. A dynamical transport model was used to model the
isentropic transport ozone-poor air masses to determine their origin. Using ground-
based solar UVB radiation data and satellite data for ozone, results showed that
UVB radiation is at maximum between December and February while TCO and
stratospheric ozone decline from a maximum in spring months towards the summer

months.

A clear-sky determination method was used to remove the effects of clouds when

investigating the relationship between ozone and UVR. The RAF indicated that a 1%
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decrease in TCO would result in a 0.59% increase in UVR at the surface. The
strongest correlation (R>=0.53) between ozone and UVR was found at SZA 25°.

Low-ozone events were identified and on clear-sky days, it was found that decreases
in TCO and stratospheric ozone can result in increased UVB radiation at the surface
between 6% and 45%. The Mesoscale Isentropic Transport Model of Stratospheric
Ozone by Advection and Chemistry (Modéle Isentropique du transport Méso-échelle
de 'ozone stratosphérique par advection avec CHIMIE or MIMOSA-CHIM) was used
to trace the source of ozone-poor air over Cape Point during spring and summer
months. Using PV as a dynamic tracer, it was found that the Antarctic ozone hole
has a limited effect on ozone concentrations over Cape Point. Instead, Cape Point is

influenced by air masses from sub-tropical regions.

The results also showed that an inverse relationship exists between ozone and solar
UVB radiation and that decreases in TCO and stratospheric ozone can result in
increased UVB radiation at the surface. Furthermore, the dynamical transport model
showed that Cape Point is largely unaffected by the break-up of the ozone hole.

3.1.1 Limitations of study

The RAF values presented in Table 1 of the published article are lower than
those presented in previous research which suggest that RAF values should
range between 1+0.2 (Micheletti et al., 2003). Since the RAF, compares solar
UVR and TCO from one day with another, the presence of clouds and
aerosols would have influenced the RAF calculations. Although only clear-sky
days were used in the analysis it is possible that some clouds were not
removed in the process. Furthermore, the effect of aerosols was not
considered during the RAF calculations. As aerosols and clouds can decrease
surface solar UVR, decreased UVR levels could have been observed and

resulted in lower RAF values.

The increases in UVI were determined in comparison to the UVI climatology.
As with the RAF calculations, aerosols and clouds would have impacted the

observed UVI. The negative ‘increases’ imply that UVI actually decreased
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instead of increasing as expected. The effect of aerosols on surface UVI was
not included in this study, it is possible that an increase in aerosol loading

could have decreased surface UVI.

In the published manuscript, the RAF values were not calculated using the
climatological values of UVI or ozone. The RAF value for a specific day was
compared to a randomly selected clear-sky day. This is stated in Section 2.2.4
of the published article. Taking the average RAF values irrespective of season

or SZA would have resulted in errors in the derived RAF values.

Based on these limitations, suggestions for future research have been
included in Chapter 7.

3.2 Thesis contribution

This manuscript contributes to the thesis by addressing Objective 1 which was to
investigate the relationship between solar UVB radiation and stratospheric ozone on
clear-sky days and to identify solar UVB radiation anomalies resulting from changes

in stratospheric ozone.

The findings of this manuscript contribute towards the understanding of the
relationship between surface UVB radiation and atmospheric ozone at an unpolluted
site in South Africa. Furthermore, the manuscript demonstrates the limited effect of
the Antarctic ozone hole on stratospheric ozone over South Africa and that increases
in surface UVB radiation can be attributed to decreases in TCO and stratospheric

ozone.

3.3 Contribution of candidate

D. Jean du Preez was responsible for the data collection and analysis, interpretation
and discussion of results and writing the manuscript. The co-authors contributed
towards the interpretation and discussion of the results as well as the final

manuscript preparation.

46



3.4 Publication status

du Preez, D. J., Ajti¢, J. V., Bencherif, H., Bégue, N., Cadet, J. M., & Wright, C. Y.
(2019). Spring and summer time ozone and solar ultraviolet radiation variations over
Cape Point, South  Africa. Annales Geophysicae, 37(2), 129-141.
https://doi.org/10.5194/angeo-37-129-2019

3.5 References

Abarca, J. F., & Casiccia, C. C. (2002a). Skin cancer and ultraviolet-B radiation under the
Antarctic ozone hole: southern Chile, 1987-2000. Photodermatology,
photoimmunology &  photomedicine, 18(6), 294-302. doi:10.1034/j.1600-
0781.2002.02782.x

Abarca, J. F., Casiccia, C. C., & Zamorano, F. D. (2002b). Increase in sunburns and
photosensitivity disorders at the edge of the Antarctic ozone hole, Southern Chile,
1986-2000. Journal of the American Academy of Dermatology, 46(2), 193-199.
doi:10.1067/mjd.2002.118556

Bais, A. F., Bernhard, G., McKenzie, R. L., Aucamp, P., Young, P. J., llyas, M., Jockel, P., &
Deushi, M. (2019). Ozone—climate interactions and effects on solar ultraviolet
radiation.  Photochemical &  Photobiological =~ Sciences, 18(3), 602-640.
doi:10.1039/C8PP90059K

Bais, A. F., McKenzie, R. L., Bernhard, G., Aucamp, P. J., llyas, M., Madronich, S., &
Tourpali, K. (2015). Ozone depletion and climate change: impacts on UV radiation.
Photochemical & Photobiological Sciences, 14(1), 19-52. doi:10.1039/c4pp90032d

Fioletov, V., Kerr, J. B., & Fergusson, A. (2010). The UV Index: Definition, Distribution and
Factors Affecting it. Canadian journal of public health, 101(4), 15-19.
doi:10.1007/BF03405303

Gies, P., Klekociuk, A., Tully, M., Henderson, S., Javorniczky, J., King, K., Lemus-
Deschamps, L., & Makin, J. (2013). Low Ozone Over Southern Australia in August
2011 and its Impact on Solar Ultraviolet Radiation Levels. Photochemistry and
Photobiology, 89(4), 984-994. doi:10.1111/php.12076

McKenzie, R., Connor, B., & Bodeker, G. (1999). Increased Summertime UV Radiation in
New Zealand in Response to Ozone Loss. Science, 285(5434), 1709-1711.
doi:10.1126/science.285.5434.1709

Micheletti, M. I., Piacentini, R. D., & Madronich, S. (2003). Sensitivity of Biologically Active
UV Radiation to Stratospheric Ozone Changes: Effects of Action Spectrum Shape
and Wavelength Rangey. Photochemistry and Photobiology, 78(5), 456-461.
doi:10.1562/0031-8655(2003)0780456SOBAUR2.0.CO2

Young, A. R,, Claveau, J., & Rossi, A. B. (2017). Ultraviolet radiation and the skin:
Photobiology and sunscreen photoprotection. Journal of the American Academy of
Dermatology, 76(3, Supplement 1), S100-S109. doi:10.1016/j.jaad.2016.09.038

3.6 Manuscript 1

47



Ann. Geophys., 37, 129-141, 2019
https://doi.org/10.5194/angeo-37-129-2019

© Author(s) 2019. This work is distributed under
the Creative Commons Attribution 4.0 License.

Annales
Geophysicae

Spring and summer time ozone and solar ultraviolet radiation
variations over Cape Point, South Africa

David J. du Preez'?, Jelena V. Ajti¢>, Hassan Bencherif*>, Nelson Bégue*, Jean-Maurice Cadet*, and

Caradee Y. Wright!-¢

I Department Geography, Geoinformatics and Meteorology, University of Pretoria, Pretoria, 0002, South Africa

2South African Weather Service, Pretoria, 0181, South Africa

3Faculty of Veterinary Medicine, University of Belgrade, Bulevar oslobodjenja 18, 11000 Belgrade, Serbia
4Université de La Réunion, Laboratoire de I’ Atmosphere et des Cyclones, UMR 8105, 15 Avenue René Cassin,

CS 92003, Saint-Denis, Cedex, Réunion, France

5School of Chemistry and Physics, University of KwaZulu-Natal, Westville, Durban, South Africa
SEnvironment and Health Research Unit, South African Medical Research Council, Pretoria, 0001, South Africa

Correspondence: David J. du Preez (dupreez.jd @ gmail.com)

Received: 30 May 2018 — Discussion started: 7 June 2018

Revised: 17 January 2019 — Accepted: 21 February 2019 — Published: 6 March 2019

Abstract. The correlation between solar ultraviolet radiation
(UV) and atmospheric ozone is well understood. Decreased
stratospheric ozone levels which led to increased solar UV
radiation levels at the surface have been recorded. These
increased levels of solar UV radiation have potential nega-
tive impacts on public health. This study was done to deter-
mine whether the break-up of the Antarctic ozone hole has
an impact on stratospheric columnar ozone (SCO) and re-
sulting ambient solar UV-B radiation levels at Cape Point,
South Africa, over 2007-2016. We investigated the correla-
tions between UV index, calculated from ground-based so-
lar UV-B radiation measurements and satellite-retrieved col-
umn ozone data. The strongest anti-correlation on clear-sky
days was found at solar zenith angle 25° with exponential
fit R? values of 0.45 and 0.53 for total ozone column and
SCO, respectively. An average radiation amplification factor
of 0.59 across all SZAs was calculated for clear-sky days.
The MIMOSA-CHIM model showed that the polar vortex
had a limited effect on ozone levels. Tropical air masses more
frequently affect the study site, and this requires further in-
vestigation.

1 Introduction

Solar ultraviolet (UV) radiation is a part of the electromag-
netic spectrum of energy emitted by the Sun (Diffey, 2002).
Solar UV radiation comprises a wavelength band of 100-
400 nm; however, not all wavelengths reach the Earth. Solar
UV radiation is divided into UV-A, UV-B and UV-C bands
depending on the wavelength. The UV-C and UV-A bands
cover the shortest and longest wavelengths, respectively. The
UV-B part of the spectrum spans a wavelength range be-
tween 280 and 315nm (WHO, 2017). The reason behind
this sub-division of UV radiation is a large variation in bi-
ological effects related to the different wavelengths (Diffey,
2002). Moreover, an interaction of different UV bands with
the atmospheric constituents results in an altered UV radi-
ation reaching the surface: all UV-C and ~ 90 % of UV-B
radiation is absorbed, while the UV-A band is mostly un-
affected (WHO, 2017). The amount of solar UV-B radia-
tion at the surface of the Earth is largely impacted by the
amount of atmospheric ozone (Lucas and Ponsonby, 2002),
but also several other factors, such as altitude, solar zenith
angle (SZA), latitude and pollution (WHO, 2017). The SZA
has a significant impact on the amount of surface solar UV-
B radiation (McKenzie et al., 1996). Under clear-sky condi-
tions and low pollution levels, atmospheric ozone (of which
approximately 90 % is found in the stratosphere) absorbs so-
lar UV-B radiation (Fahey and Hegglin, 2011). A study in the
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south of Brazil found a strong anti-correlation between ozone
and solar UV-B radiation on clear-sky days using fixed SZAs
(Guarnieri et al., 2004).

Anthropogenic and natural factors can cause changes in
the amount of atmospheric ozone. Unlike natural ozone vari-
ability which is mostly of a seasonal nature and therefore
has a reversible character, human activities, such as the re-
lease of ozone-depleting substances, have led to a long-term
ozone decline in a greater part of the atmosphere (Bais et al.,
2015), and, in turn, to higher levels of solar UV-B radiation
at the Earth’s surface (Fahey and Hegglin, 2011). An out-
standing example of ozone depletion is the formation of the
Antarctic ozone hole, a phenomenon discovered in the 1980s
(Farman et al., 1985). Each austral spring, a severe ozone
depletion occurs under the unique conditions in the Antarc-
tic polar vortex, decreasing total ozone column (TOC) below
220 Dobson units (DU), a threshold defining the ozone hole.

The Antarctic ozone hole has been extensively studied
(WMO, 2011). Apart from its direct influence on the ozone
amounts in the Southern Hemisphere (Ajti¢ et al., 2004; de
Laat et al., 2010) the Antarctic ozone hole affects a wide
range of atmospheric phenomena as well as the climate of
the Southern Hemisphere. For example, ozone depletion over
Antarctica has altered atmospheric circulation, temperature
and precipitation patterns in the Southern Hemisphere dur-
ing the austral spring and summer (Bronnimann et al., 2017;
Bandoro et al., 2014). Another notable consequence of de-
creased atmospheric ozone is an increase in solar UV ra-
diation at the surface of the Earth, which has been sup-
ported by experimental evidence (Herman and McKenzie,
1998). This anti-correlation and association with the Antarc-
tic ozone hole has been confirmed at Lauder, New Zealand
(McKenzie et al., 1999).

Our analysis investigated the anti-correlation between the
content of ozone in the atmosphere and solar UV-B radiation
over the Western Cape Province, South Africa. The objec-
tives in our study were (1) to determine the climatology of
solar UV-B radiation and the climatology of TOC and strato-
spheric column ozone (SCO) for Cape Point, South Africa;
(2) to determine clear-sky days for Cape Point and use them
to analyse the anti-correlation between solar UV-B radia-
tion and TOC, on the one hand, and solar UV-B radiation
and SCO, on the other hand; (3) to identify low TOC and
SCO events at Cape Point during spring and summer months;
(4) to use a transport model to determine the origin of ozone-
poor air observed during the identified low-ozone events; and
(5) to explore whether the Antarctic ozone hole influenced
the identified low-ozone events at Cape Point. To the best of
our knowledge these objectives, in a South African context,
and in relation to increased solar UV-B radiation over South
Africa directly related to the Antarctic ozone depletion, have
not been studied before.
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2 Data and methods
2.1 UV data

The study site was Cape Point (34.35°S, 18.50°E,
230ma.s.l.), a weather station in the Western Cape, South
Africa (Fig. 1). The station is one of the World Meteorologi-
cal Organization (WMO) Global Atmosphere Watch (GAW)
baseline monitoring sites. It is located around 60 km south
of Cape Town and although it is considered free of air pol-
Iution (Slemr et al., 2008), it may still be affected by mar-
itime aerosols. Since aerosols can have a pronounced effect
on the amount of UV radiation reaching the surface (Bais
et al., 2015), our choice of Cape Point offers a setting in
which a modification of the UV-B radiation by anthropogenic
aerosols can be overlooked.

Solar UV-B radiation data, with the original hourly record-
ing interval, were obtained from the South Africa Weather
Service (SAWS) for Cape Point station for the period 2007—
2016. The solar UV-B radiation measurements were made
with the Solar Light Model Biometer 501 Radiometer. The
biometer measures solar UV radiation with a wavelength of
280-320nm. The measured solar UV radiation is propor-
tional to the analogue voltage output from the biometer with
a controlled internal temperature (Solarlight, 2014). Two dif-
ferent instruments were used at Cape Point between 2007
and 2016: Instrument 3719 (January 2007-March 2016) and
Instrument 1103 (April-December 2016). Both instruments
were calibrated at Solar Light in June 2006 according to
the “Calibration of the UV radiometer — Procedure and er-
ror analysis”. During the period of operation three inter-
comparisons were conducted using recently calibrated stan-
dard reference instruments. The inter-comparisons aimed to
verify that the instruments in operation were recording accu-
rate measurements and the inter-comparisons did not include
homogenisation of the data or the application of different cal-
ibration factors.

Measurements are given in minimal erythemal dose
(MED) units where 1 MED is defined by SAWS as 210 Jm2
and any incorrect or missing values were indicated in the
dataset. During October 2016, the measured MED values ex-
ceeded the expected values and were corrected with a correc-
tion factor as recommended by the SAWS. Despite periods
of missing data during the study years, there were 3129 days
of useable solar UV-B data for Cape Point. To convert from
instrument-weighted UV radiation to erythemally weighted
UV radiation, a correction factor was applied as the instru-
ment does not measure the full spectral range of the UV in-
dex (Seckmeyer et al., 2005; Cadet et al., 2017). Solar UV-B
radiation values in MED were converted to UV index (UVI)
using

210[Im=2] x 40[m>*W~1]

UVI = MED[h™!
(] 3600[s]

)]
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Figure 1. The map of South Africa and the location of the SAWS Cape Point Weather station in the Western Cape.

Since the correlation between solar UV-B radiation and
ozone can be better observed when controlling SZA (Booth
and Madronich, 1994), we also calculated SZA. First, we
computed 10 min SZAs using an online tool, the Measure-
ment and Instrument Data Centre’s Solar Position Calculator
(MIDC SPA) (https://midcdmz.nrel.gov/solpos/spa.html, last
access: February 2017), which utilises the date, time and lo-
cation of the site of interest and has an accuracy of +0.0003°
(Reda and Andreas, 2008). Second, from the 10 min SZAs
we calculated hourly averages.

2.2 Column ozone data

TOC and SCO data were obtained for 2007-2016 (inclu-
sive) for the grid area which was bound by the following
coordinates — west: 16.5° E, south: 36.35° S, east: 20.6°E,
north: 31.98°S. This grid area limited the TOC and SCO
data to the area directly above Cape Point. The daily TOC
data were measured with the Ozone Monitoring Instrument
— Total Ozone Mapping Spectrometer (OMI — TOMS) on
NASA'’s Aura satellite. OMI has a spatial resolution of 0.25°,
which results in a ground resolution at nadir with a range of
13km x 24 km to 13km x 48 km (Levelt et al., 2006). Rel-
ative to other ozone observations, OMI has a bias of 1.5 %
(McPeters et al., 2015). In the Southern Hemisphere, OMI-
TOMS data have a lower seasonal dependence compared to
the Northern Hemisphere. Overall, observations are within
3 % of Dobson and Brewer spectrophotometer observations
(Balis et al., 2007).

The daily SCO data were measured with the Microwave
Limb Sounder (MLS) instrument on NASA’s Aura satellite.

www.ann-geophys.net/37/129/2019/

The MLS ozone data consisted of ozone profiles at 55 pres-
sure levels and SCO values up to the thermal tropopause. The
thermal tropopause is determined by the temperature data
taken by the MLS instrument. The ozone profiles were used
between 261 and 0.02hPa (Livesey et al., 2017). The daily
SCO values were extracted from the MLS data files. SCO
observations from the MLS overestimate ozone in the strato-
sphere over 30° S but this overestimation is lower than com-
pared to the Northern Hemisphere (Jiang et al., 2007). MLS
SCO observations have a high correlation coefficient, 0.96—
0.99, with OMI SCO observations (Huang et al., 2017).

2.3 Transport model

The Mesoscale Isentropic Transport Model of Stratospheric
Ozone by Advection and Chemistry (Modele Isentropique du
transport Méso-échelle de 1’ozone stratosphérique par advec-
tion avec CHIMIE or MIMOSA-CHIM) was used to identify
the source of ozone-poor air above Cape Point. MIMOSA-
CHIM results from the off-line coupling of the MIMOSA
dynamical model (Hauchecorne et al., 2002) from the Reac-
tive Processes Ruling the Ozone Budget in the Stratosphere
(REPROBUS) chemistry model (Lefevre et al., 1994). The
ability of MIMOSA-CHIM to simulate and analyse the trans-
port of stratospheric air masses has been highlighted in sev-
eral previous studies over the polar regions (Kuttippurath et
al., 2013, 2015; Tripathi et al., 2007; Semane et al., 2006;
Marchand et al., 2003). The dynamical component of the
model is forced by meteorological data such as wind, tem-
perature and pressure fields from the European Centre for
Medium-Range Weather Forecasts (EMCWF) daily analy-
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ses. The dynamical component of potential vorticity (PV)
was used to trace the origin of ozone-poor air masses. PV
can be used as a quasi-passive tracer when diabatic and fric-
tional terms are small. Therefore, over short periods of time,
PV is conserved on isentropic surfaces following the mo-
tion (Holton and Hakim, 2013). A spatial area from 10° N
to 90° S was used for the model with a 1° x 1° resolution.
The model has stratospheric isentropic levels ranging from
350 to 950 K. The MIMOSA-CHIM model created an output
file for every 6 h. Simulations for each low-ozone event were
initialised to run for at least 14 days prior to the low-ozone
event to account for the model spin-up period. The PV maps
were analysed at isentropic levels that correspond to 18, 20
and 24 km above ground level, thus covering the lower part
of the ozone layer (Sivakumar and Ogunniyi, 2017).

2.4 Method

The climatologies of UVI, TOC and SCO were determined
using the available days with data. These would provide a
reliable baseline to which observations from specific days
could be compared. Next, clear-sky days were determined
from the solar UV-B radiation data based on a method that
looks at the diurnal pattern of UV-B radiation. Once the
clear-sky days had been determined, the correlation analy-
sis between ozone and UVI was calculated using two meth-
ods. Only using clear-sky days removed the effect of clouds
on UV-B radiation. Lastly, we determined low-ozone events
and used the MIMOSA-CHIM model to identify the origin
of ozone-poor air masses.

2.4.1 Climatologies

The hourly UVI value was averaged for each day in a specific
month across the 10-year period and was used to determine
the UVI climatology at Cape Point. All days were used to
determine the climatology. The TOC and SCO climatologies
were calculated using monthly averages.

2.4.2 Determination of clear-sky days

Cloud cover has a range of impacts on surface UV radiation,
and therefore calculating cloud-free conditions is important
to understand cloud impacts on UV radiation. Partly cloudy
skies can reduce or increase UV radiation depending on the
position of the Sun and clouds, while overcast skies decrease
radiation (Bodeker and McKenzie, 1996; Bais et al., 2015).
Due to the different spectral properties of clouds, the abil-
ity to detect clouds through solar radiation measurements is
dependent on the wavelength of the spectrum that is mea-
sured (Zempila et al., 2017). Several studies (Bodeker and
McKenzie, 1996; Zempila et al., 2017) have attended to de-
termine cloud-free conditions and have all shown the chal-
lenges, in particular, for thin cloud conditions. Thus, deter-
mining cloud-free days is a step towards removing a contri-
bution of all factors except amount of atmospheric ozone. As
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shown by McKenzie et al. (1991) a stronger correlation be-
tween ozone and solar UV-B radiation may be obtained if the
days with clouds are removed.

The SAWS Cape Point site has no cloud cover data avail-
able. For that reason, we used a clear-sky determination
method by Bodeker and McKenzie (1996) to find cloudy
days and consequently remove them from our further anal-
ysis. First, days with solar UV-B measurements, TOC and
SCO data were divided into seasons: summer — Decem-
ber, January, February (DJF), autumn — March, April, May
(MAM), winter — June, July, August (JJA), and spring —
September, October, November (SON). Then, clear-sky days
were determined using three different tests.

The first test only considered the daily linear correlation
between the UVI values measured before solar noon and the
values after solar noon. Solar noon was determined as the
hour interval with the lowest SZA value. Days with a linear
correlation below 0.8 in the DJF, MAM and SON seasons
were removed and were considered to be cloudy days. The
first test was not performed on the winter season, when the
UVI values, as well as the correlation values, were low.

The second test looked for a monotonic increase before
solar noon and a monotonic decrease after solar noon for
each day. On clear-sky days, UVI values before and after
solar noon should monotonically increase and decrease, re-
spectively. If monotonicity did not hold for the UVI values
on a specific day, it was assumed that there was some cloud
present on that day. The monotonicity test was performed for
all seasons. It is interesting to note that at Cape Point, the
second test of the clear-sky determination method identified
more clear-sky afternoons than clear-sky mornings.

The third test removed days when the UVI values did not
reach a threshold maximum value. This test was applied to
all seasons. The threshold was determined as a value of 1.5
standard deviations (1.5 SD) below the UVI monthly aver-
age. The monthly average and standard deviations were de-
termined from the solar UV-B radiation climatology for Cape
Point.

Prior to applying the clear-sky determination method to
the Cape Point UV-B radiation data, we tested the methodol-
ogy against measurements from the Cape Town weather sta-
tion where cloud cover data are available. In the test, we used
the daily 06:00 and 12:00 UTC cloud cover observations, and
randomly selected two years for the validation. The results
showed that when the observations indicated more than four-
eighths of cloud present, our methodology also identified
these days as cloudy. Furthermore, we examined the diurnal
radiometric curves from another year and found that the de-
termined clear-sky days’ radiometric curves closely followed
the expected diurnal radiometric curve. This validation im-
plied that the clear-sky tests removed approximately 87 % of
cloudy days. Overall, approximately 500 days were deter-
mined to be clear-sky days that had UV-B, TOC and SCO
data and they were used in our further analyses. For the DJF,
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MAM, JJA and SON seasons there were 150, 104, 137 and
102 clear-sky days respectively.

2.4.3 Correlations

In addition to removing anthropogenic aerosols by choos-
ing an air-pollution-free site and alleviating cloud effects by
looking only at the clear-sky days, the correlation between
solar UV-B radiation and ozone can be better observed when
controlling SZA (Booth and Madronich, 1994). The correla-
tion calculations were performed at fixed SZAs. The strength
of the correlation between the amount of ozone (TOC and
SCO data) and UVI was determined using the first-order ex-
ponential fit (Guarnieri et al., 2004):

y = ae’™, )

where y = UVI and x = ozone values (TOC or SCO).

The significance of the goodness of fit was determined for
295 % confidence interval. The log-UVI (y axis) values were
taken to test whether the goodness-of-fit R? values of the ex-
ponential fits were statistically significant (Hazarika, 2013).

2.4.4 Radiation amplification factor

The radiation amplification factor (RAF) describes a rela-
tionship between ozone values and solar UV-B radiation
(Booth and Madronich, 1994). The RAF was introduced as
a quantification of the effect that decreased ozone concentra-
tions have on solar UV-B radiation levels. The RAF is a unit-
less coefficient of sensitivity and here we used its definition
given by Booth and Madronich (1994) in Eq. (3). The RAF
value at fixed SZAs was calculated using a specific clear-sky
day compared to another random clear-sky day from a differ-
ent year (Booth and Madronich, 1994).

O3 uvr

RAF=In{—=)/In , 3
05 UVI

where O3 and O} are the first and second ozone values and

UVI and UVY are the first and second UV measurements,
respectively.

2.4.5 Low-ozone days

Days of low TOC and SCO values were determined from
the set of clear-sky days, but only during spring and summer
seasons, when solar UV radiation levels are highest. Days of
low TOC values might not have had low SCO values and
vice versa. Low TOC and SCO days were determined as
days when the respective values were below 1.5 SD from the
mean as determined in the climatology analyses (Schuch et
al., 2015).

We then used the MIMOSA-CHIM model to identify
whether the origin of ozone-poor air masses was from the po-
lar region. In other words, on low-ozone days we looked into
the maps of advected PV from MIMOSA-CHIM to identify
the source of ozone-poor air parcels over the study area.
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Figure 2. The UVI climatology for all sky conditions at Cape Point.

The x axis starts with the month of July and ends with June.

3 Results and discussion
3.1 Climatologies and trends
3.1.1 UVI climatology

The monthly means of UVI for Cape Point during 2007-
2016 were calculated as a function of time of the day and
month of the year (Fig. 2). This climatology provides a re-
liable baseline against which observations can be compared
and reveals the general patterns of the UVI signal recorded
at the surface over the investigated 10-year period.

At Cape Point, the UVI maximum value of approximately
8 UVI occurs between 13:00 and 15:00 South African Stan-
dard Time (SAST), which corresponds to between 11:00 and
13:00 UTC (Fig. 2). The maximum UVI values are not cen-
tred on the local noon, implying that more UV radiation
reaches this site in the afternoon. Indeed, as previously men-
tioned, our clear-sky determination method identified more
clear-sky afternoons than clear-sky mornings (Sect. 2.4.2),
which, under the assumption that cloud cover at Cape Point
generally attenuates UV radiation reaching the surface, could
explain the observed shift in the UVI maximum to about
14:00 SAST.

The seasons of maximum (DJF) and minimum (JJA) solar
UV-B radiation at Cape Point are as expected for a site in
the Southern Hemisphere and are similar to those found in
studies at other South African sites, namely Pretoria, Durban,
De Aar, and Port Elizabeth and Cape Town (Wright et al.,
2011; Cadet et al., 2017). The maximum UVI values found
in this study occur at similar times to Cadet et al. (2017) and
Wright et al. (2011).
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Figure 3. Monthly means £1.5SD for total ozone column and
stratospheric column ozone starting in July and ending in June.

3.1.2 Ozone climatologies

At Cape Point, TOC (with the maximum of 303.4 DU) and
SCO (with the maximum of 273.1 DU) values peaked dur-
ing September and decreased to a minimum in February for
SCO (232.65DU) and April for TOC (254.49 DU) (Fig. 3).
The variations in TOC and SCO are largest at the maximum
values and smallest at the minimum values. Over Irene in
Pretoria the greatest variation in SCO was seen during spring
(Paul et al., 1998), which is in agreement with our results. It
is suggested that this variability in TOC is due to the move-
ment of mid-latitude weather systems which move further
north during the Southern Hemisphere winter (Diab et al.,
1992). The climatology of TOC over South Africa is mainly
affected by atmospheric dynamics rather than by the effects
of atmospheric chemistry (Bodeker and Scourfield, 1998).

The increase in TOC values during the winter months and
the maximum during spring months are due to an ozone-rich
mid-latitude ridge that forms on the equator side of the polar
vortex. The ridge is a result of a distorted meridional flow
caused by the Antarctic polar vortex that forms in late au-
tumn. The vortex prevents poleward transport of the air and
thus allows for a build-up of ozone-rich air in mid-latitudes.
The lower TOC values over summer could be due to the
dilution effect of ozone-poor air from the Antarctic ozone
hole. The dilution effect occurs when the vortex breaks up
(Bodeker and Scourfield, 1998; Ajti¢ et al., 2004).

3.2 Correlation between the amount of ozone and UVI
The first-order exponential goodness-of-fit R? values at fixed
SZAs (Table 1) describe the anti-correlation between the

amount of ozone in the atmosphere and UVI. The strongest
anti-correlation was found at a fixed SZA 25° for both TOC
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Table 1. The correlation statistics for amount of ozone and UVI at
Cape Point on clear-sky days.

SZA (°) TOC: SCO: RAF
R? expo. fit R? expo. fit
15 0.25* 0.18*  1.60
20 0.26* 0.23*  0.19
25 0.45* 0.53*  0.26
30 0.28* 0.20*  0.82
35 0.21* 0.11*  0.15
40 0.30* 0.30*  0.42
45 0.26* 0.29*  0.69
Average 0.59

* Indicates RZ values were statistically significant at a 95 %
confidence interval.

and SCO. In this study the first-order exponential fit was used
to describe the anti-correlation between ozone and solar UV
radiation as in some instances this is best described with a
non-linear fit (Guarnieri et al., 2004). A study on the anti-
correlation between solar UV-B irradiance and TOC in south-
ern Brazil found that the percentage of the R? values for ex-
ponential fits (66.0 %—85.0 %) explained the variations in so-
lar UV-B irradiance due to TOC variations on clear-sky days
at the same fixed SZA categories used in our study (Guarnieri
et al., 2004).

The exponential R? values of TOC found at Cape Point at
a fixed SZA were much lower than those for southern Brazil
(Guarnieri, et al., 2004). In our study and in other studies
the R? value is smaller at the largest SZAs (Guarnieri et al.,
2004; Wolfram et al., 2012). The correlation at smaller SZAs
may be weaker than expected due to the limited number of
data points at smaller SZAs. An improvement can be made
on the correlations between SZA by discriminating between
morning and afternoon SZAs.

At Cape Point, the RAF value for clear-sky days range be-
tween 0.15 and 1.60 with an average RAF value of 0.59. This
can be interpreted as follows: for every 1 % decrease in TOC,
UV-B radiation at the surface will increase by 0.59 %. RAF
values specific to ozone and solar UV studies found in the
literature range between 0.79 and 1.7 (Massen, 2013). RAF
values have been used to describe the effect of other meteo-
rological factors such as clouds and aerosols on surface UV
radiation (Serrano et al., 2008; Massen, 2013). The differ-
ences to the RAF values found here and those found in the
literature can be attributed to changes in time and location
(Massen, 2013).

Salt build-up on the biometer at Cape Point may also have
contributed to the accuracy of measurements taken by the
biometer. Solar UV-B radiation data with a higher temporal
resolution (e.g. 10 min) may have provided more data points
for the analysis at fixed SZAs. Higher temporal resolution
solar UV-B radiation data would have improved the determi-

www.ann-geophys.net/37/129/2019/
53



D. J. du Preez et al.: UV variations Cape Point

135

350

Ya"

TOC daily values

—— TOC average+1.5SD
—— TOC average-1.5SD
| 1 | | |

200 | | 1 |
Jan 2008 Jan 2009 Jan 2010 Jan 2011 Jan 2012 Jan 2013 Jan 2014 Jan 2015 Jan 2016
Years
I 1
L (b _
350~ () % +—8CO daily values
J} I ———SCO average+1.5SD
r, Il ———SCO average-1.5SD
5300 , i =
=)
s A A
® 250/ /4
A ¢ —
S N
s
200 ‘ :
Jan 2008 Jan 2009 Jan 2010 Jan 2011 Jan 2012 Jan 2013 Jan 2014 Jan 2015 Jan 2016
Years

Figure 4. TOC (a) and SCO (b) values on clear-sky days over Cape Point and an indication of the average 41.5SD limits. Each dot
corresponds to a TOC and SCO measurement on a clear-sky day from 2007 to 2016. Interrupted lines indicate missing data.

nation of clear-sky days. An improvement on the correlation
and RAF values could be made by investigating the aerosol
concentrations over the station.

3.3 Low-ozone events

Low-ozone events which occurred during the SON and DJF
months were identified from the time series of TOC and SCO
data on clear-sky days (Fig. 4). The highest frequency of low
TOC and low SCO events occurred during January months
and January and December months, respectively.

The low TOC and low SCO events along with the respec-
tive percentage decrease in TOC and SCO (Table 2) represent
some of the largest decreases that occurred in DJF and SON
seasons between 2007 and 2016 on clear-sky days. The DJF
seasons of 2009-2010 and 2015-2016 are classified as El
Nifio years (Climate Prediction Center Internet Team, 2015).
During these seasons higher TOC levels are expected over
the mid-latitude regions (Kalicharran et al., 1993). From the
identified low TOC events at Cape Point, none occurred dur-
ing El Nifio years.

This analysis aimed to discuss effects of stratospheric
ozone and tropospheric ozone on surface UV-B radiation
variations. When TOC and SCO reductions are similar, the
effect of stratospheric ozone decrease is dominant. Con-
versely, when the reduction of TOC is high, and the reduction
of SCO is low, the effect of tropospheric ozone is dominant.

All of the low-ozone events which occurred during Jan-
uary were due to decreased SCO. A decrease of 10.1 % in

www.ann-geophys.net/37/129/2019/

SCO was recorded on 30 January 2009 with a TOC decrease
of 6.1 %. During February months we obtained the weak-
est reductions in TOC and SCO. Low-ozone events that oc-
curred during September were mainly due to stratospheric
ozone decreases, with the largest ozone reduction recorded
on 1 September 2014 (18 % in SCO reduction) (Table 2).

We compared the UVI levels recorded during low-ozone
events within the SON and DJF seasons to the UVI climatol-
ogy to determine if the ozone reductions reflected on the UVI
levels during low-ozone events. At Cape Point, the largest in-
creases in the UVI levels were recorded for low-ozone events
during November. The largest increase (46.5 %) in UVI oc-
curred on 13 November 2012.

In the Southern Hemisphere, during the spring season
(SON) low-ozone events are predominately due to the dis-
tortion and filamentation of the Antarctic ozone hole and to
the dilution of the associated polar vortex. The dilution effect
occurs later in the early summer season, when ozone-poor air
masses from the polar region mix with air masses from the
mid-latitudes and result in decreased ozone concentrations
(Ajti¢ et al., 2004). There are no studies that refer to low-
ozone events at Cape Point. In South Africa, a decrease in
TOC was observed over Irene (25.9° S, 28.2° E) during May
2002 when TOC levels were 8 %—12 % below normal and at
a minimum of 219.0 DU (Semane et al., 2006). The relative
position of the surface high or low pressure can result in in-
creases or decreases in TOC. The effect on TOC by weather
systems is seasonally dependent (Barsby and Diab, 1995).
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Table 2. Identified low-ozone events on clear-sky days at Cape Point during spring and summer months and the percentage decrease calcu-

lated from the relative climatological monthly mean.

Date TOC SCO Decrease Decrease  Increase

(DU) (DU) TOC (%) SCO (%) UVI (%)
30 Jan 2009 253.5%  210.4* 6.1 10.1 304
6 Feb 2009 253.9%  222.2* 5.0 4.5 36.2
15 Feb 2009  254.6* 228.3 4.7 1.9 34.2
28 Feb 2011 255.7%  223.2* 43 4.1 6.8
16 Jan 2012 268.2 221.9* 0.6 5.1 21.2
8 Feb 2012 257.0* 227.5 3.8 2.2 31.7
13 Nov 2012  256.6* 228.8 13.3 13.3 46.5
14 Nov 2012  261.3* 234.6 11.7 11.1 42.1
6 Sep 2013 265.0%  241.3* 12.7 11.6 22.3
9 Nov 2013 2823  229.0* 4.6 13.3 21.9
1 Sep 2014 274.7%  223.9* 9.5 18.0 2.5
2 Sep 2014 258.4*  231.2* 14.9 15.3 -2.3
9 Sep 2014 284.0% 232.3* 6.4 14.9 —-5.5
11 Jan 2016 270.6  221.9* —-0.3 5.1 -7.9

* Indicates whether the low-ozone event was

The increased levels of solar UV-B radiation found in this
study due to low SCO events are similar to those found at
other Southern Hemisphere sites (Gies et al., 2013; McKen-
zie et al., 1999; Abarca et al., 2002). It is possible that low-
ozone events that occurred over Cape Point during 2007-
2016 have not been included. These events might have fallen
outside the methods used in this study or were not consid-
ered due to the availability of solar UV-B radiation, TOC or
SCO data. Moreover, it should be noted that the Cape Point
site being located at 34° S, at the southern limit of the tropical
stratospheric reservoir. Cape Point can be affected by dynam-
ical and transport processes, and therefore air masses of dif-
ferent latitude origins can pass over it. Indeed, over our study
period from September to February, the obtained low-ozone
event could be of polar origin (i.e. in relation with the exten-
sion and distortion of the polar vortex) or of tropical origin
(i.e. in relation with isentropic air masses transport across
the subtropical barrier, as reported by Semane et al., 2006,
and Bencherif et al., 2011, 2007). The following sub-section
discusses low-ozone events with regard to the dynamical sit-
uations and origins of air masses above the study site.

3.4 Origin of ozone-poor air

In this section the model results from MIMOSA-CHIM are
shown for a selection on low-ozone events. The latitude ori-
gin of air masses was classified according to the colour scale
on the PV maps. Blue colours indicate air masses with rela-
tively high PV values, implying their polar origins, while red
colours indicate relatively low PV values of tropical origin.
The origin of the air masses for low-ozone events in Jan-
uary (Table 3) and February (Table 4) shows a consistent pat-
tern: in the lower parts of the stratosphere, at 425 K, the air
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due to low TOC and/or low SCO values.

Table 3. Origin of ozone-poor air at isentropic levels for low-ozone
events in January.

Date Origin at Origin at Origin at
425K 475K 600K
30Jan 2009  Tropical Mid-latitude Polar
16 Jan 2012  Tropical =~ Mid-latitude Polar
11Jan 2016  Tropical  Mid-latitude Polar

was of tropical origin; higher up, at 475K, it was of mid-
latitude origin; and at 600 K, air masses from the polar region
were above Cape Point. This pattern is illustrated in the PV
maps from MIMOSA-CHIM of the low-ozone event on 16
January 2012 (Fig. 5), which best demonstrates all January
events. During this event, we identified low SCO (Table 2).
Similarly, the PV maps from MIMOSA-CHIM for the low-
ozone event on 6 February 2009 (Fig. 6) best demonstrate the
situation for February months.

Our results imply that the low-ozone events during the
months of January and February were not directly influenced
by the Antarctic ozone hole as by that time, the polar vor-
tex had already broken up. However, it is possible that these
events are a consequence of the ensuing mixing of the polar
ozone-poor air that reduces the mid-latitude ozone concen-
trations (Ajti¢ et al., 2004).

The origin of air masses for low-ozone events during
September (Table 5) and the PV maps from MIMOSA-
CHIM for the low-ozone event on 2 September 2014 (Fig. 7)
show the transport of tropical air masses southward over the
study site. During September months there was less mixing
of air masses across latitudinal boundaries.
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Figure 5. Advected potential vorticity (APV) maps from MIMOSA-CHIM at 425K (a), 475 K (b) and 600K (c) on 16 January 2012.
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Figure 6. APV maps from MIMOSA-CHIM at 425K (a), 475 K (b) and 600 K (¢) on 6 February 2009.

Table 4. Origin of ozone-poor air at isentropic levels for low-ozone
events in February.

Date Origin at Origin at Origin at
425K 475K 600K
6 Feb 2009 Tropical ~ Mid-latitude Polar
15 Feb 2009  Tropical  Mid-latitude Polar
28 Feb 2011  Tropical — Mid-latitude Polar
8 Feb 2012 Tropical ~ Mid-latitude Polar

Table 5. Origin of ozone-poor air at isentropic levels for low-ozone
events in September.

Date Origin at Origin at Origin at
435K 485K 600K

6 Sep 2013 Tropical Mid-latitude Mid-latitude—polar

1 Sep 2014  Tropical Tropical Mid-latitude—polar

2 Sep 2014  Tropical Tropical Mid-latitude—polar

9 Sep 2014  Tropical Tropical Mid-latitude—polar

The origin of air masses for low-ozone events in Novem-
ber (Table 6) shows that at 600 K polar air masses do affect
the study site, but the ozone hole is no longer present over
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Table 6. Origin of ozone-poor air at isentropic levels for low-ozone
events in November.

Date Origin at Origin at Origin at
435K 480K 600K
13 Nov 2012  Tropical Mid-latitude Polar
14 Nov 2012 Tropical ~ Mid-latitude Polar
9 Nov 2013 Tropical ~ Mid-latitude Polar

Antarctica. The PV maps from MIMOSA-CHIM for the low-
ozone event on 14 November 2012 (Fig. 8) best demonstrate
the situation for November months.

The PV maps from MIMOSA-CHIM suggest that the
Antarctic polar vortex air masses with low-ozone levels have
a limited effect on the ozone levels over Cape Point, South
Africa. Instead, the study site is largely influenced by ozone-
poor air masses from sub-tropical regions. The effect of these
sub-tropical air masses on ozone concentrations is dependent
on isentropic level and time of year. In fact, it is well known
that Rossby planetary waves are generated due to the devel-
opment of synoptic disturbances in the troposphere during
winter and spring seasons. They propagate vertically through
to the stratospheric layers when the zonal winds are west-
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Figure 7. APV maps from MIMOSA-CHIM at 435K (a), 485 K (b) and 600 K (c) on 2 September 2014.
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Figure 8. APV maps from MIMOSA-CHIM at 435K (a), 485 K (b) and 600K (c) on 14 November 2012.

erly (Charney and Drazin, 1961; Leovy et al., 1985). More-
over, as reported by many authors, gravity and Rossby plan-
etary waves are involved in isentropic transport across the
subtropical barrier. Portafaix et al. (2003) studied the south-
ern subtropical barrier by using MIMOSA-CHIM model ad-
vected PV maps, together with a numerical tool developed
by LACy (Reunion University) named DyBalL (Dynamical
Barrier Localisation) based on Nakamura formalism (Naka-
mura, 1996). They showed that the southern subtropical bar-
rier is usually located around 25-30° S but has an increas-
ing variability during winter and spring. Moreover, using
MIMOSA-CHIM-adverted PV fields (Bencherif et al., 2007,
2003) showed that exchange processes between the strato-
spheric tropical reservoir and mid-latitudes are episodic and
take place through the subtropical barrier due to planetary
wave-breaking inducing increases or decreases in ozone at
tropical and subtropical locations depending on the isen-
tropic levels. It is known that atmospheric ozone over South
Africa is mainly impacted by dynamical factors (Bodeker et
al., 2002). Another dynamical factor that influences ozone
over the study area is stratospheric—tropospheric exchanges,
which mostly influence SCO levels. One or a combination of
these dynamical factors likely result in low-ozone levels over
Cape Point.
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4 Conclusions

This study evaluated the anti-correlation between ground-
based solar UV-B radiation and satellite ozone observa-
tions based on clear-sky days at Cape Point, South Africa.
The study further investigated whether the break-up of the
Antarctic ozone hole during spring—summer has an impact
on the ozone concentrations over the study area and, as a re-
sult, affects solar UV-B radiation levels.

The solar UV-B climatology for Cape Point as well as the
climatologies of TOC and SCO followed the expected an-
nual cycle for the Southern Hemisphere. The determination
of clear-sky days proved to be reliable in identifying cloudy
days. The clear-sky tests removed approximately 87 % of
days that were affected by cloud cover. At Cape Point, at
SZA 25°, exponential goodness-of-fit R? values of 0.45 and
0.53 for TOC and SCO, respectively, were found. An average
RAF value of 0.59 was found across all SZAs.

Our results from the MIMOSA-CHIM model imply that
the break-up of the Antarctic polar vortex has a limited influ-
ence on the SCO concentrations over Cape Point. The study
site was affected to some extent by Antarctic polar air masses
during November months, predominately at 600 K. During
September low-ozone events, there was less exchange of air
masses between latitudes compared to other months and the
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study site was mostly under the influence of mid-latitude
air masses. The study site seems to be more frequently af-
fected by air masses from the tropical regions, especially
in the lower stratosphere. Further, the influence of tropical
air masses on the study site is larger during January and
February months. During low-SCO events in September and
November, the recorded UVI levels were ~ 20 % above the
climatological monthly mean.

The relationship between atmospheric ozone and solar
UV-B radiation is well understood around the world. The im-
pact of the Antarctic ozone hole on atmospheric ozone con-
centrations over South Africa is less well understood. Our
study showed instances when the Antarctic ozone hole seems
to have a limited effect on ozone concentrations over Cape
Point but also showed the effect of tropical air masses on
ozone levels at Cape Point.
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Chapter 4 Results: The large-scale transport of a volcanic plume

and the effect of atmospheric composition at a secondary site

4.1 Paper overview

Gases, aerosols and ash emitted from volcanic eruptions can be transported over
vast distances and can attenuate solar UVR (Diaz et al., 2014). On 4 June 2011, the
PCCVC erupted and the initial plume reached heights of between 9 and 12 km
(Klaser et al., 2013). Within 10-days the plume had circled the Southern Hemisphere
(Clarisse et al.,, 2012). The eruption continued at low levels for several months
(Bonadonna et al., 2015). Near the eruption site, changes in surface UVR were
observed (Diaz et al., 2014) due to the scatter and absorption caused by particles in

the volcanic plume.

This manuscript investigated the effect of the volcanic plume from the PCCVC
eruption on the aerosol loading at Cape Point, as well as the trajectory and
dispersion of the plume using modelled and satellite data. The aerosol loading at
Cape Point, South Africa, is considered relatively low due to the clean air masses
that are transported from the South Atlantic Ocean by the prevailing winds.
Therefore, anomalies in the aerosol loading over Cape Point due to the volcanic

eruption would be easier to detect than at generally more polluted sites.

Daily satellite observations of surface UVR averaged over June 2011, showed that
on average surface UVR between 20°S and 35°S was lower in June 2011 compared
to previous years. AOD observations from the Precision-Filter Radiometer (PFR) at
Cape Point showed that there was a noticeable increase in AOD between 9-12 June

2011 which was well above the background monthly average.

The FLEXPART model was used to investigate the dispersion on the volcanic plume,
using sulphur dioxide as a proxy for volcanic ash. Along with the dispersion model,
observations of sulphur dioxide and volcanic ash from the IASI were used to trace

the dispersion on the plume. The model and observations indicated that the plume
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passes near Cape Point between 11-20 June 2011. This coincided with the increase
in AOD observed.

Changes in surface UVR at Cape Point (i.e., the secondary site) may not be evident
due to cloud cover and stratospheric ozone levels. However, the dispersion model
and observations indicated that the increase in AOD at the secondary site can be
attributed to the volcanic plume. These results showed that the effect of a volcanic
eruption can impact the aerosols loading at secondary sites and could have possible

effects on surface UVR.

4.2 Thesis contribution
This paper contributes to the second objective of this thesis which was to investigate
the impact of a volcanic plume on AOD and the impact on surface UVB radiation at a

secondary site.

Using satellite and modelled data, this manuscript demonstrated how the long-range
transport of volcanic aerosols can be responsible for changes in the aerosol loading

at a secondary site as well as the influence on surface UVR over a large region.

4.3 Contribution of candidate

D. Jean du Preez was responsible for the data analysis, model simulations,
interpretation of results and writing the manuscript. L. Clarisse provided the IASI data
sets and all co-authors contributed to the discussion and final manuscript

preparations.

4.4 Publication status
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Abstract: Volcanic plumes can be transported across vast distances and can have an impact on solar
ultraviolet radiation (UVR) reaching the surface due to the scattering and absorption caused by
aerosols. The dispersion of the volcanic plume from the Puyehue-Cordon Caulle volcanic complex
(PCCVC) eruption was investigated to determine the effect on aerosol loading at Cape Point, South
Africa. The eruption occurred on 4 June 2011 and resulted in a plume reaching a height of between
9 and 12 km and was dispersed across the Southern Hemisphere. Satellite sulphur dioxide (SO;)
observations and a dispersion model showed low concentrations of SO, at the secondary site.
However, satellite observations of volcanic ash and ground-based aerosol measurements did show
increases between 10 and 20 June 2011 at the secondary site. Furthermore, there was good agreement
with the dispersion model results and observations from satellites with most of the plume located
between latitudes 40°-60° South.

Keywords: aerosols; sulphur dioxide; FLEXPART; plume transport; volcanic eruption

1. Introduction

Volcanic eruptions can eject a highly reactive mix of aerosols and gases into the atmosphere [1].
Some of the main gases associated with volcanic activity are water vapour (H,O), carbon dioxide (CO»),
sulphur dioxide (SO,), hydrogen sulphide (H;S) and hydrochloric acid (HCI) [2]. Volcanic emissions
are the largest natural sources of SO, in the atmosphere. Volcanic eruptions occur with various levels of
intensity. Larger eruptions can inject volcanic aerosols into the stratosphere, while smaller, less intense
eruptions only inject aerosols into the troposphere. SO, is suspended in the troposphere for only a
short period of time, but SO, injected into the stratosphere through volcanic eruptions can remain
there for up to three years as sulphuric acid aerosols [3,4]. The injection of ash and SO, from volcanic
eruptions affects the climate, aviation and human health due to the deposition of ejected matter [5].

SO; injected into the stratosphere can be dispersed around the globe and can have an important
climatic effect. Sulphur species react with hydroxide (OH) and water vapour (H,O) to form sulfuric
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acid (HpSOy4). These H,SO4 aerosols have a radiative effect during eruptions [6]. Furthermore, solar
ultraviolet radiation (UVR) passing through the atmosphere is affected by the aerosol loading. During
volcanic eruptions the aerosol loading and size distribution are modified by injected ash particles [7].
UV-absorbing aerosols such as volcanic ash affect surface UVR flux which impact public health and
some photochemical reactions. The effect of UV-absorbing aerosols on UVR is dependent on the
altitude, particle size distribution and single scattering albedo of the ash particles [8].

The Puyehue-Cordén Caulle volcanic complex (PCCVC) is located in the Andes Mountains in
southern Chile (40.58° S, 72.13° W) at 2 240 m above sea level [9]. After 41 years of inactivity, an eruption
started on 4 June 2011 at approximately 18:30 UTC. The resulting plume reached the stratosphere
with maximum heights between ~9-12 km [4,7] with a peak mean flow rate (MFR) in the order of
107 kg-s~!. On 13 June 2011, the plume reached a height of ~7-9 km [10]. Due to the westerly winds in
the mid-latitudes, widespread dispersion of aerosols and fine particles occurred across the Southern
Hemisphere [11].

By 14 June 2011, the plume had circumnavigated the Southern Hemisphere and reached the
original eruption site [4]. The plume was subjected to cross-wind and down-wind spreading, with
most of the velocity as a result of the wind. The umbrella cloud and the rising plume were both affected
by the prevailing westerly winds, showing the significant effect that the wind had on the dispersion of
the aerosols and ash, although some of the spreading was due to physical processes in the plume such
as density-driven mechanisms [10]. Following the initial eruption, the volcano continued to produce
low-intensity plumes for several months [10].

In this study, SO, anomalies were identified at the eruption site as well as at a secondary site,
Cape Point, South Africa was selected as the secondary site because air traffic was reportedly restricted
on 18-19 June 2011 due to ‘ash’ from the eruption being visible at Cape Town International Airport.
The secondary site was included to consider the extent of the impact of PCCVC 2011 eruption over
a distance. Furthermore, the trajectory and dispersion of the plume was investigated using satellite
observations and model output to determine whether the plume did reach the secondary site and
whether or not SO, anomalies at the secondary site could be attributed to the volcanic eruption.

2. Data and Methods

2.1. Data

The eruption site, PCCVC (40.58° S; 72.11° W), and the secondary site, Cape Point (34.35° S;
18.50° E) (Figure 1) were selected to investigate the dispersion of the plume and the effect on a
secondary site.

The Cape Point station is part of the Global Atmosphere Watch (GAW) network and equipment
at the station is used to monitor trace gases. The station is situated 230 m above sea level and is
mainly influenced by air masses from the South Atlantic Ocean due to the prevailing southeasterly
winds throughout the year. During the austral winter the station may be influenced by anthropogenic
emissions from local and regional biomass burning, transported by northerly winds as a result of
changes in circulation patterns caused by frontal systems [12].

Daily noon ultraviolet index (UVI) data (2007-2016, inclusive) from the Ozone Monitoring
Instrument (OMI) were used to determine if the volcanic plume had any impact on surface solar UVR.
The OMI data has a 1° X 1° spatial resolution [13] and OMI has a spectral resolution of 0.45 nm [14].
The UVl is a scale used to represent erythemal radiation levels [15]. During the time that the plume was
likely to impact surface solar UVR levels, ground-based observations of solar UVR levels at Cape Point
were not available but there is known to be good agreement between the Cape Point ground-based
observations and OMI data [16]. Previous studies have shown that OMI estimations of surface UVR
are above the ground-based observations indicating a positive bias which is decreased under clear-sky
conditions [14].
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Aerosol optical depth (AOD) data (2011 to 2018, inclusive) from a precision filter radiometer
(PFR) located at Cape Point were used to identify any anomalies in AOD as a result of the volcanic
plume. The data for the PFR were obtained from the World Data Centre for Aerosols (WDCA) website
(http://ebas.nilu.no/). The PFR sun photometer measures AOD at four wavelengths (A = 368, 412,
500, 862 nm) and started operation in February 2008 but only data from 2011 were available. From
calibration tests, the PFR located at Cape Point had an uncertainty of less than + 1%. Hourly average
AOD values were determined from 1-minute data using GAW-PFR algorithms [17,18] and cloud
screening routines [19].

80°W 60° W 40° W 200w o 20°E
10° 54 f/ -10° S

30° S @/ 30 s

Cape Point
PCCVC

50° S 50° S

s - w~?> E
i s
70° S . e —%70°s

80" W 60" W 40°W 200 W 0" 20°E

Figure 1. Map showing the location of the eruption site, Puyehue-Cordén Caulle volcanic complex in
South America and the secondary site, Cape Point in South Africa [20].

Hourly reanalysis data from Modern-Era Retrospective Analysis for Research and Applications
version 2 (MERRA-2) spatial resolution of 0.5° x 0.65° [21] was used to identify anomalies in SO,
column mass density (kg-m~2) (2007-2016). MERRA-2 uses observations from the Earth Observing
System (EOS). The Goddard Global Ozone Chemistry Aerosol Radiation and Transport (GOCART)
and Goddard Earth Observing System 5 (GEOS-5) models simulate atmospheric processes [22].

SO, vertical column density and volcanic ash observations were obtained from the Infrared
Atmospheric Sounding Interferometer (IASI) instrument on board the MetOp-A satellite. The SO, is
given in Dobson Units (DU) and computed using the algorithm outlined which calculates the total
column SO, using the assumed height of the SO, layer and is dependent on factors from data retrieved
from the instrument [23]. Volcanic ash absorbs and scatters radiation with wavelengths between 7 pm
and 15 pm [24-26]. In [27] a volcanic ash identification algorithm was presented, that determines for
each IASI spectral band whether a spectral signature is present that is compatible with the presence of
ash. In the same study, the algorithm was illustrated on the observations of Puyehue to estimate the
fraction of spectra with detectable quantities of ash. It is this dataset that is also used here.

2.2. Methods

The monthly mean UVI for June was calculated using nine-years (2007-2010, inclusive and
2012-2016, inclusive) and 2011 data were excluded to remove the possible influence of the volcanic
eruption. To identify UVI anomalies during June 2011, the calculated mean UVI for June was subtracted
from the mean UVI for June 2011.
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Similarly, daily mean and standard deviation (SD) values were calculated for the MERRA-2 SO,
column data at both sites. Using the PFR AOD data for 2011, the daily mean was calculated. The
remaining seven years of data (2012-2018, inclusive) were used to calculate the monthly mean and SD
values of the PFR AOD data at Cape Point. The mean and SD values of UVI, MERRA-2 and PFR data
were compared to the 2011 observations to identify any outliers.

The flexible particle (FLEXPART) model is a Lagrangian particle dispersion model which was
used to model the dispersion of the volcanic plume. The model simulates the transport, diffusion,
wet and dry deposition and first order chemical reactions of tracer particles released from a point
source or area source [28]. In this study, forecast meteorological data from the European Centre for
Medium Range Forecasts (ECMWF) was used as input for the model. The meteorological data has a
3-hour temporal resolution, 1° X 1° spatial resolution and 138 vertical levels. In this study, no a priori
information was used in the FLEXPART model simulation. Using SO, as a proxy for volcanic ash [29]
has been done in several previous studies [4,30] and is dependent on environmental conditions [27].
A similar model setup was used as described by Kliiser et al. (2013) [4], where a large number of
particles of unit mass were released from 4-13 June 2011, between 2-14 km above the eruption site
at 6-hour intervals [4]. The simulation was run from 1-30 June 2011 to observe the dispersion of the
plume across the Southern Hemisphere. An output grid of 1° X 1° was produced every 12 h at 1 km
intervals from 4-14 km and the SO, column given in ng-m~3 was converted to Dobson units.

3. Results and Discussion

3.1. Surface Ultraviolet Radiation (UVR)

The UVI anomalies for June 2011 (Figure 2) indicated changes of + 0.5 UVI. The region between
20° S and 35° S was dominated by decreases in UVR. In the region between 40° S and 60° S, small
increases and decreases in UVI were observed.
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Figure 2. Ultraviolet index (UVI) anomalies for June 2011 where positive values indicate an increase in
UVI and vice versa.

3.2. Aerosol Optical Depth (AOD) and SO, Anomalies

The monthly mean and + 1 standard deviation (SD) of PFR AOD at 368 and 412 nm (Figure 3)
showed that there was no clear seasonal cycle evident at these two wavelengths which can be due to
the low aerosol concentrations present in air masses from the Southern Ocean [31]. The 500 and 862 nm
wavelengths were excluded due to missing data in the data set. The largest daily variability occurred
during the austral summer which could be due to biomass burning in the surrounding areas [32].
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Figure 3. Monthly mean and + 1 standard deviation (SD) error bars of aerosol optical depth (AOD)
from precision filter radiometer (PFR) measurements for 368 and 412 nm at Cape Point.

The daily mean of PFR AOD at 368 and 412 nm (Figure 4) showed an increase in AOD between
9 June and 13 June 2011 as well as on 27 June 2011. These values were above their respective
monthly mean.
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Figure 4. Daily mean and monthly mean of PFR measurements during May-July 2011 at 368 and 412
nm at Cape Point.

At the eruption site, the mean monthly and mean daily MERRA-2 SO, columns (Figure 5a)
indicated a seasonal peak which occurred between February and April. During June and July 2011, the
highest SO, level (3.7 x 1075 kg-m_z) was recorded on 5 June 2011 (Figure 5b), the day after the eruption
started. The monthly mean for 2011 was above the climatological mean and there was increased
variability during June and July 2011.
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Figure 5. Monthly mean and + 1 SD for each month (2007-2016) (a) and daily mean and + 1 SD error
bars during May-July 2011 (b) for SO, column from Modern-Era Retrospective Analysis for Research
and Applications version 2 (MERRA-2) at the Puyehue-Cordén Caulle volcanic complex (PCCVC).

At the secondary site, the SO, columns (Figure 6) were one order of magnitude smaller compared
to the eruption site. The mean monthly and + 1 SD error bars of SO, column (Figure 6a) showed a peak
and increased variability during June to August. At Cape Point, SO, columns showed an increase from
autumn months and reached a maximum during winter. The maximum was followed by a decrease
during the spring months. In June and July 2011 (Figure 6b), the daily mean values were below the
monthly mean values. However, between 10 and 20 June 2011 there was large variability in daily
mean values. Between 12 June to 20 June 2011, the daily mean was above the climatological mean
except for 15 June. During July 2011, there was a large increase in SO,. The climatological seasonal
variations of SO, were found to be as expected for a Southern Hemisphere site [33]. The increase
during autumn, peaking in winter, and decreasing from spring into summer months may be due to the
typical, prevailing synoptic circulation patterns [31].
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Figure 6. Monthly mean and + 1 SD for each month (2007-2016) (a) and daily mean and + 1 SD error
bars during May-July 2011, with 10—-20 June 2011 indicated in the rectangle (b) for SO, column from
MERRA-2 at Cape Point.

3.3. Infrared Atmospheric Sounding Interferometer (IASI) and Flexible Particle Model (FLEXPART)

The composite images of IASI SO, column (Figure 7), IASI ash (Figure 8) and FLEXPART SO,
column (Figure 9) for 4-30 June 2011 shows the trajectory of the plume across the Southern Hemisphere.
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The SO; column from IASI and FLEXPART indicated that the highest concentrations of SO, were
found closest to the eruption site and decreased eastward. FLEXPART shows higher dispersion near
the release point. The IASI ash observations showed a similar result compared to the SO, column
observations but showed more longitudinal dispersion.

-20
(a) 410 June 2011
0

Total column SO2 {DU)

Figure 7. Composite image of Infrared Atmospheric Sounding Interferometer (IASI) SO, column for
4-10 June 2011 (a), 11-20 June 2011 (b) and 21-30 June 2011 (c).
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Figure 8. Composite image of IASI ash for 4-10 June 2011 (a), 11-20 June 2011 (b) and 21-30 June 2011 (c).
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Figure 9. Composite image of flexible particle model (FLEXPART) SO, column for 4-10 June 2011 (a),
11-20 June 2011 (b) and 21-30 June 2011 (c).

The composite image of IASI SO, column (Figure 7a), IASI ash (Figure 8a) and FLEXPART SO,
column (Figure 9a) for 4-10 June 2011 indicated that most of the plume was located between 20° S and
60° S. The SO, column from IASI and FLEXPART showed that the plume did not pass over Cape Point,
but the IASI ash observations showed a low percentage ash near Cape Point. The composite image of
the IASI SO, column (Figure 7b), IASI ash (Figure 8b) and FLEXPART SO, column (Figure 9b) for 11-20
June 2011 indicated that the plume had circumnavigated the Southern Hemisphere. During this period,
the IASI and FLEXPART showed low levels of SO, and ash near Cape Point. This was more evident in
the FLEXPART and IASI ash observations. The composite image of the IASI SO, column (Figure 7c),
IASI ash (Figure 8c) and FLEXPART SO, column (Figure 9¢c) for 21-30 June 2011 each showed more
dispersion and lower levels of SO, and ash compared to the period between 11-20 June 2011.

Comparing the plume from IASI observations and FLEXPART simulations showed similarities
with this and other studies in the trajectory of the plume. A similar eastward transport was seen
from the eruption site towards the Indian Ocean while most of the plume was distributed between
40°-60° S. From both IASI and FLEXPART a north-eastwards trajectory was seen on 4-10 June 2011
which resulted in the volcanic ash transport over Buenos Aires [9]. The dominant eastward trajectory
and location of the plume south of Cape Point as indicated by the IASI and FLEXPART results agreed
with results from other studies [23,26,27].

There were differences in dispersion results produced by IASI and FLEXPART, which were likely
due to several factors. Lower volcanic emission after 10 June 2011 meant that IASI was not able to
detect the eruption after this date [26]. In FLEXPART, the resolution of the meteorological data, number
of particles released, mass, atmospheric lifetime of chemical species and changes in emissions would
have had an impact on the FLEXPART simulation [4]. Furthermore, in high wind-shear environments
ash and SO, follow different trajectories due to the deposition of ash [29].

The dispersion of the volcanic plume across the Southern Hemisphere did not have a large
impact on surface UVR between 20° S and 60° S. This could be due to factors such as cloud cover and
stratospheric ozone [34]. Furthermore, the eruption occurred during the austral winter when UVR are
low. Although an increase in AOD was observed between 9-13 June 2011 at Cape Point. It is likely that
the increase in AOD was due to the dispersion of volcanic ash (Figure 8) and not SO, as the dispersion
of these particles vary depending on prevailing weather conditions. Furthermore, due to the danger
that volcanic ash poses to aircraft, flights to and from Cape Town International Airport were affected
between 9-19 June 2011 [35].
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4. Conclusions

The dispersion of the volcanic plume from the PCCVC eruption on 4 June 2011 was investigated
using satellite observations as well as a dispersion model. The observations and simulations were
used to determine whether changes in surface solar UVR levels, AOD and SO, at the eruption site and
a secondary, mid-latitude site could be attributed to the volcanic plume.

Over South America, the volcanic aerosols had an impact on surface solar UVR levels which was
largely dependent on the wavelength. At the secondary site, Cape Point, increases in SO, column
and AOD at 368 and 412 nm occurred between 10 June 2011 and 20 June 2011. The increase in AOD
was likely due to the dispersion of volcanic ash. Satellite observations showed low levels of SO, near
Cape Point, the secondary site. Future research should investigate the effect of volcanic aerosols using
radiative transfer models.
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Chapter 5 Results: The radiative effect of aerosols and

tropospheric ozone

5.1 Paper overview

Incoming solar UVR is influenced by ozone, clouds, sulphur dioxide and aerosols as
it passes through the atmosphere (Bais et al., 1993). Over Southern Africa,
emissions from biomass burning are the largest contributor to tropospheric aerosols
(Bencherif et al., 2020). Previous studies have shown how emissions from biomass
burning can result in decreases in surface UVR (Abel et al., 2005; Arola et al., 2007,
Hobbs et al., 2003).

Tropospheric ozone is a secondary pollutant that forms through a photochemical
reaction from ozone precursors (Vakkari et al., 2014) and can absorb UVR due to
Rayleigh scattering in the lower, denser atmosphere (Bruhl et al., 1989; Madronich et
al., 2011). Therefore, changes in tropospheric ozone from biomass burning or
industrial activities can affect not only surface UVR but have an impact on public

health factors such as skin cancer and respiratory infections.

In Southern Africa, the biomass burning season occurs annually between July and
November and significantly increases the aerosol loading over Southern Africa
(Thompson et al.,, 2014). The release of aerosols and emissions from biomass
burning contribute to the formation of tropospheric ozone which reaches a seasonal
maximum, along with AOD, during the austral spring (Adesina et al., 2014; Diab et
al., 2004).

The aim of this study was to investigate the radiative effect of aerosols and
tropospheric ozone on surface UVR levels over Irene in Pretoria during the biomass
burning season. The study used a radiative transfer model to assess the sensitivity
of surface UVR to aerosols and tropospheric ozone during the biomass burning

season.
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Ground-based observations of aerosol properties and ozonesonde profiles from
Pretoria indicated that AOD and tropospheric ozone reached an annual maximum
between September and October. Although the biomass burning season is located
far to the north and east of Pretoria, the synoptic circulation pattern transports air

masses from the biomass burning region to Pretoria (Clain et al., 2009).

Using the Tropospheric Ultraviolet-Visible (TUV) radiative transfer model, scenarios
were simulated to assess the sensitivity of surface UVR to aerosols and tropospheric
ozone from the biomass burning season in comparison with background levels of
aerosols and tropospheric ozone. The modelled UVR data was compared to
observed UVR data and it was found that aerosols have a larger radiative effect than

tropospheric ozone.

5.2 Thesis contribution

This paper contributed to the third objective of this thesis which was to investigate
the impact of aerosols and tropospheric ozone on surface UVR during the biomass
burning season. The results from this manuscript demonstrate the radiative effect of
both aerosols and tropospheric ozone during the Southern Africa biomass burning

season.

5.3 Contribution of candidate
D. Jean du Preez was responsible for the data analysis, model simulations and
writing the manuscript. All the co-authors contributed to the discussion and final

manuscript preparations.

5.4 Publication status

du Preez, D.J., Bencherif, H., Portafaix, T., Lamy, K., & Wright, C.Y. (2021). Solar
Ultraviolet Radiation in Pretoria and Its Relations to Aerosols and Tropospheric
Ozone during the Biomass Burning Season. Atmosphere, 12(2).
https://doi.org/10.3390/atmos12020132.
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Abstract: Biomass burning has an impact on atmospheric composition as well as human health and
wellbeing. In South Africa, the biomass burning season extends from July to October and affects
the aerosol loading and tropospheric ozone concentrations which in turn impact solar ultraviolet
radiation (UVR) levels at the surface. Using ground-based observations of aerosols, tropospheric
ozone and solar UVR (as well as modelled solar UVR) we investigated the impact of aerosols
and tropospheric ozone on solar UVR in August, September, and October over Pretoria. Aerosol
optical depth (AOD) and tropospheric ozone reached a peak between September and October each
year. On clear-sky days, the average relative difference between the modelled and observed solar
Ultraviolet Index (UVI) levels (a standard indicator of surface UVR) at solar noon was 7%. Using
modelled UVR—which included and excluded the effects of aerosols and tropospheric ozone from
biomass burning—aerosols had a larger radiative effect compared to tropospheric ozone on UVI levels
during the biomass burning season. Excluding only aerosols resulted in a 10% difference between
the modelled and observed UVI, while excluding only tropospheric ozone resulted in a difference of
—2%. Further understanding of the radiative effect of aerosols and trace gases, particularly in regions
that are affected by emissions from biomass burning, is considered important for future research.

Keywords: aerosol optical depth; Africa; air pollution; atmospheric science; environmental health;
ozone; UV

1. Introduction

As solar ultraviolet radiation (UVR) passes through the atmosphere it interacts with
gases and particles which absorb, reflect, or scatter the incoming solar UVR. Solar UVR is
classified into three bands: UVA (315400 nm), UVB (280-315 nm), and UVC (100-280 nm)
where the absorption of solar UVR by stratospheric ozone increases within the UVB spec-
trum [1]. As a result, surface solar UVR is decreased significantly at shorter wavelengths [1].
In the troposphere, solar UVR is further attenuated by tropospheric ozone, sulfur dioxide,
aerosols, and clouds [2]. Other factors such as altitude, solar zenith angle, and albedo effect
solar UVR levels at the surface [1,3].

Atmospheric aerosols have direct and indirect effects on the Earth’s radiation budget.
The direct effect of aerosols on the radiation budget is due to the scattering and absorption
of UVR by aerosols [4], while the indirect effect of aerosols is due to the formation of clouds
as aerosols can act as cloud condensation nuclei [5]. The radiative effect of aerosols is
determined by their size, distribution, and optical properties [6]. Atmospheric aerosols can
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be from natural or anthropogenic sources. Natural sources include dust storms, volcanic
eruptions, sea salt spray, and biomass burning. Biomass burning emissions can also be
anthropogenic along with other human-made emissions such as those from vehicles and
industries. [7].

Biomass burning is one of the largest contributors to tropospheric aerosol loading
where these aerosols also have a significant radiative effect [8,9]. In Southern Africa,
the main biomass burning region is located over the north and eastern parts of South
Africa and Mozambique. The biomass burning season reaches an annual peak at the end
of the dry season between August and September [10]. Emissions from biomass burning
are transported westward to the Atlantic Ocean as well as eastward towards the Indian
Ocean [11]. During spring, the semi-permanent Indian Ocean anticyclone and easterly
winds transport aerosols over southern Africa [10,12,13]. As a result, the radiative effect
of aerosols is not limited to the burnt area and the resulting plumes can have an impact
thousands of kilometers away [14,15].

The emissions released during the biomass burning process (and other pollution-
generating activities) include ozone precursors such as nitrogen oxides (NOXx), carbon
monoxide (CO), and volatile organic compounds (VOCs) [16]. These gases react with
sunlight to form ozone in the troposphere [17]. The formation of tropospheric ozone is
dependent on the concentration of ozone precursors as well as temperature and humid-
ity [18]. Tropospheric ozone has a short lifetime and is a greenhouse gas. It also impacts
human health, vegetation, and crop yields [19]. The emission of ozone precursors is not
the only source of tropospheric ozone. Stratosphere-troposphere exchange (STE) can result
in an increase in tropospheric ozone levels due to the higher levels of ozone present in the
stratosphere [17].

Due to the synoptic-scale circulation pattern, aerosol loading and tropospheric ozone
levels over Pretoria are affected by biomass burning emissions. This study aimed to
investigate the effect of aerosols and tropospheric ozone on surface UVR levels over
Pretoria during the biomass burning season. Furthermore, a comparison of observed and
modelled UVR was made to determine the separate and combined influence of aerosols
and tropospheric ozone from biomass burning emissions on solar UVR. These findings
are useful to improve the understanding of the radiative effect of tropospheric ozone and
aerosols on solar UVR levels at the surface. In the data and methods section, the study area,
data, instrumentation, and methods are described. The results from the data analysis show
the seasonal cycle of tropospheric aerosols, ozone, and UVR as well as a case study and
model simulations to demonstrate the radiative effect of tropospheric aerosols and ozone.

2. Data and Methods

Pretoria is situated on the inland plateau of South Africa in the Gauteng province at
approximately 1300 m above sea level (Figure 1). The city experiences cool, dry winters
and long, hot summers with rainfall occurring during the summer months. Pretoria was
selected as the study area due to the known high levels of tropospheric ozone related
to industrial activities [12,20] and the impact of the biomass burning season on aerosol
distribution [21]. Data were collected from three stations, namely the South African Weather
Service (SAWS) Bolepi House, SAWS Irene, and the Council for Scientific and Industrial
Research (CSIR) head office due to their relative proximity to one another. The three
different stations were located between 1322 m and 1529 m above sea level. The CSIR and
Irene stations are approximately 18 km apart, while Bolepi House is approximately 6 km
from the CSIR.
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Figure 1. Map showing the location of Pretoria in South Africa and the three stations where data were collected from the
Council for Scientific and Industrial Research (CSIR) head office, South African Weather Service (SAWS) Bolepi House and
SAWS Irene weather stations, respectively.

2.1. Aerosol Data from the CSIR Station

A Cimel sun photometer is located at the CSIR head office in Pretoria (25.76° S,
28.28° E) at 1 449 m above sea level (Figure 1) and is part of the Aerosol Robotic Network
(AERONET). The sun photometer has a spectral range of 340-1640 nm with eight spectral
bands (340, 380, 440, 500, 675, 875, 1020, and 1640 nm) [22]. Details on the instrument,
calibration and error estimation are published in Dubovik et al. [23]. Aerosol Optical
Depth (AOD) is an indication of the distribution of aerosols in a column of air. Additional
observations at 935 nm are used to estimate columnar water vapour [24]. The Angstrém
Exponent (AE) can be calculated using Equation (1) and can be used to estimate the size
distribution of aerosols from spectral AOD observations [25]. AE values less than 1.0
indicated that coarse particles such as desert dust were dominant while AE values greater
than 1.0 indicated the fine particles, such as smoke and sulfates, were dominant [25-28].
Equation (1) follows:

T,
B log % O
log %
2

X =

where « is the AE, 1) is the AOD at the first and second wavelengths (A), respectively.
The AERONET inversion algorithm is used to provide aerosol optical properties
such as single scattering albedo (SSA) which is derived from direct and diffuse radiation
measurements from sun photometers [29]. The inversion algorithm assumes that the
vertical distribution of the aerosols is similar to global models, particles are partitioned into
spherical and non-spherical and it accounts for the gaseous absorption by ozone, nitrogen
dioxide, and water vapor. Furthermore, the algorithm provides information on the quality
of the output parameters produced [30]. SSA is an important factor related to the radiative
effect of aerosols and represents the ratio between the scattering and extinction efficiencies
of aerosols [31]. The level two daily average data of AOD (340 nm) and AE (340-440 nm)
were obtained from the AERONET website (aeronet.gsfc.nasa.gov/) for the period from 1
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July 2011 to 31 May 2018 (inclusive) and were used to calculate the monthly averages and
standard deviations of AOD and AE.

2.2. Tropospheric Ozone Data from the Irene Station

Since 1998, ozone soundings have been conducted at the SAWS Irene weather station
(25.9° 5, 28.2° E) in Pretoria (Figure 1). The station is 1 529 m above sea level and operates
within the Southern Hemisphere Additional Ozonesondes (SHADOZ) network [32-34].
The ozone soundings were conducted twice a month using an electrochemical cell com-
prising a cathode and anode cell. The solution of buffered potassium iodide (KI) and
saturated solution of KI was used in the cathode and anode cell, respectively. An ion
bridge connected the cells which allowed for electrons to flow between the two chambers
and ozone was measured using the iodine/iodide electrode reactions. An interface board
was connected to a radiosonde to transmit data regarding cell current, pump temperature,
ambient temperature, pressure, and relative humidity [33].

The data for 1998-2018 were obtained from the SHADOZ website (tropo.gsfc.nasa.
gov/shadoz/index.html). Between 1998 and 2018, 369 ozonesondes were launched, how-
ever, no ozonesondes were launched from 2008 to 2012. Within this dataset, there are gaps
when launching ozonesondes was not possible due to various reasons. The raw data were
obtained at two-second intervals and the ozone concentrations were averaged over 100 m
intervals from the surface to the burst altitude (£ 30 km) of the balloon. The tropospheric
ozone column was calculated, in Dobson Units (DU), by integrating the vertical ozone
profile from the surface to the lapse-rate tropopause (LRT). The LRT is defined as the lowest
level at which the temperature lapse is less than 2 K km ! for at least 2 km [35]. Each ozone
sounding was used to determine the average tropospheric column and average ozone
profile for the respective month.

2.3. Observed UVB Data for Pretoria

The SAWS had a surface UVB radiation monitoring station at their headquarters,
Bolepi House, in Pretoria (25.81° S, 28.26° E) [36]. A Solar Light 501 UVB radiometer
with a spectral wavelength of 280-315 nm was used to measure radiation at hourly inter-
vals. The instrument provided an analogue voltage output proportional to the measured
radiation [37] that was given in Minimal Erythemal Dose (MED) units. One MED was
approximately 210 Jm~2, where MED is a metric used to express the minimal erythemal
dose required to induce erythema (also known as sunburn) [38]. The MED units were
converted to UV Index (UVI), a standard indicator of UVR levels [1] using Equation (2) [39]:

_ 210[J.m 2] x40[m* W]

uvi 3600[s /1]

()

To correct the instrument-weighted UVB radiation to the erythemal weighted UVR
spectrum (280400 nm) a correction factor was applied [40]. The correction factor used
satellite observed total column ozone to correct for the spectral and angular response of
the instrument. A comparison between observed UVB and satellite-derived UVB showed
that there was a moderately strong correlation between these variables at the Pretoria
station [41]. The instrument was last calibrated in 2013 by the Deutscher Wetterdienst
(DWD). The long period since calibration is noted as a limitation and may be a source of
uncertainty in the UVB radiation data. Hourly data from 1 January 2009 to 30 April 2018
(inclusive) were obtained from this station for this study.

Clouds result in large spatial and temporal variability of surface UVR radiation levels.
To remove the effect of clouds on observed UVR, clear-sky days were determined using
a clear-sky determination method [42,43]. To do so, three steps were used. The first step
calculated the correlation between UVR values before solar noon and after solar noon.
The values after solar noon were reversed so that the UVR values with similar SZAs were
correlated. When the correlation was below 0.8, the day was defined as cloudy. The second
step tested for monotonic increases and decreases in UVR values before and after solar noon,
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respectively. If the increases and decreases in UVR values were not monotonic, the days
were defined as cloudy. Lastly, the data were used to determine the monthly hourly average
values for all-sky conditions. If the UVR at solar noon was 1.5 standard deviations below
the average, then the day was defined as cloudy. The clear-sky determination methods
identified 1190 clear-sky days during the observation period (2009 to 2018).

From the hourly data, the monthly hourly averages, and standard deviations of
UVR at solar noon were calculated only using days with a complete observation record.
The observed clear-sky solar noon UVR values were compared to the modelled clear-sky
UVR values to show that there was a consensus between the observed and modelled data
(Section 2.4).

2.4. Modelled UVR over Pretoria

To investigate the radiative effect of aerosols and tropospheric ozone over Pretoria,
the Tropospheric Ultraviolet-Visible (TUV) radiative transfer model version 5.3 [44] was
used to model clear-sky UVI at Bolepi House. Using pseudo-spherical, eight-stream dis-
crete ordinates to solve the radiative transfer algorithm [45] the model accounted for the
scattering and absorption of UVR by gases and particles as it passed through the atmo-
sphere [46]. The model calculated parameters including radiance, weight spectral integrals
for specific wavelength bands and biologically-active irradiance, i.e., UVL. Input data for
the model included total column ozone, total column nitrogen dioxide, climatological
ozone, and temperature profiles, AOD (340 nm), AE (340-440 nm), SSA, and altitude.

In this study, daily total column ozone and nitrogen dioxide observations from the
Ozone Monitoring Instrument (OMI) were used [47,48]. McPeters and Labouw [49] de-
rived monthly averaged zonal ozone and temperature profile for different latitude regions
between 0 and 60 km using data from ozonesondes for the troposphere, the Stratospheric
Aerosol and Gas Experiment (SAGE II) [50] and Microwave Limb Sounder (MLS) instru-
ment for the stratosphere [49]. The ozone and temperature climatological profiles for
25° S included data from the ozonesondes launched at Irene and the MLS instrument
provided measurements down to the thermal tropopause. The input data for the aerosol
optical properties included daily averages of AOD and AE which were obtained from the
AERONET sun photometer at the CSIR and the aerosol distribution described by Elter-
man, 1968 [51]. Monthly SSA (550 nm) data were obtained from the Max-Planck Version 2
(MACv2) aerosol climatology [52] as the inversion algorithm did not provide sufficient data
points. The MACv2 aerosol climatology used ground-based measurements and modelling
to create global data fields.

Data on the aerosol optical properties (AOD and AE) were only available for 1 July
2011 to 31 May 2018. Therefore, the TUV model was used to calculate the clear-sky UVI
levels for this period during which there were 1215 days which had complete input data
required for the TUV simulations. The simulated UVI was compared to the observed
clear-sky UVI by calculating the relative difference for each month using Equation (3):

Relative difference = 100 x (UVItyy — UVlgps) = UVgps 3)
where TUV represents the modelled UVI and Obs the observed UVI.

2.5. Effect of Aerosol and Ozone on UVR over Pretoria

Biomass burning affects atmospheric composition through the release of aerosols
and ozone precursors. Approximately 31% of AOD observations were one standard
deviation above the respective monthly averages from August to October (2011 to 2017).
To investigate the radiative effect of aerosols, the observed clear-sky and model UVI values
were compared to AOD observations during this period.

To assess the sensitivity of surface solar UVI to aerosols and tropospheric ozone during
the biomass burning season (August to October) four TUV scenarios were simulated and
compared to the ground-based UVI observations. The background level of aerosol optical
properties (AOD, AE, and SSA) and tropospheric ozone were determined by averaging

82



Atmosphere 2021, 12, 132

6 of 13

the monthly values from November to July when AOD and tropospheric ozone were
at their lowest. The aerosol optical properties and tropospheric ozone between August
and October were determined to be the biomass burning component. The simulations
were initialized with and without the biomass burning component using the background
levels as the reference condition. The results from the simulations were then compared
to ground-based observations. Studies investigating the contribution of stratospheric
ozone to the tropospheric ozone budget have shown that, during the biomass burning
season, the contribution of stratospheric ozone is insignificant in the lower troposphere
over Irene [53,54].

3. Results and Discussion
In this section, the aerosol, tropospheric ozone and UVI patterns are presented.

The relationship between aerosols/tropospheric ozone and UVI are presented to demon-
strate the radiative effect of aerosols and tropospheric ozone.

3.1. Aerosol Climatology

Daily averages of AOD and AE from 2011 to 2018 were obtained for the AERONET
station at the CSIR in Pretoria. The aerosol observations at the CSIR showed that AOD
(Figure 2) reached an annual minimum in June (0.23) and increased to an annual maximum
in September (0.46).

1.8 ———————————————————— 095
16
1k 0.93
121
< 10.91
S 1|—8—AOD 340 nm T
& —&— AE 340-440 a2
0 0.8 | |—e—SSA 500 nm
o} {0.89
<
0.6
0.4 50.87
0.2
0.85

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Figure 2. Monthly means and standard deviations of aerosol properties for 2011 to 2018 from sun
photometer observations at the CSIR: Aerosol optical depth (AOD) at 340 nm (black) and Angstrt')m
Exponent (AE) (blue) in the 340-440 nm spectral band as well as monthly mean single scattering
albedo (SSA) at 550 nm (red) from the MACv?2 aerosol climatology.

The two annual AOD maxima (in February and September) coincided with summer
(December, January, and February) and spring (September, October, and November),
respectively. These peaks have also been identified in previous studies [21,55]. During
spring, emissions from biomass burning could increase AOD, while in summer months,
strong convection could result in the disturbance of surface particles thereby increasing
AOD [56].

The AE parameter was inversely related to aerosol particle size. AE values (Figure 2)
had a small range and were dominated by fine aerosols from anthropogenic emissions [21].
During the biomass burning season, AE values indicated that coarser particles were present
which were typically associated with aerosols from biomass burning. AE increased from
a minimum in August (~1.25) to a maximum in December (~1.55). Figure 2 also shows
an inverse relationship between the seasonal variations of AOD and AE, which high-
lights the presence of biomass burning and urban/industrial aerosol types over Pretoria.
The monthly SSA averages from the MACv2 aerosol climatology were lowest during the
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austral winter and highest during summer. A similar seasonal cycle in SSA has been
described in a previous study over Pretoria [21].

3.2. Tropospheric Ozone

Using the ozone sounding data from the Irene weather station, the tropospheric ozone
profile and tropospheric ozone total column were derived for the periods 1998 to 2018
(369 ozonesondes) (Figure 3a,b) and 2012 to 2018 (113 ozonesondes) (Figure 4a,b). For the
period 1998 to 2018, the tropospheric ozone total column (Figure 3a) reached an annual
maximum (45 DU) around October each year. This was followed by a decrease over the
summer months to an annual minimum in May, with the largest variability occurring
during the spring and summer months. The vertical tropospheric ozone profile over Irene
(Figure 3b) showed that the highest ozone mixing ratio took place during spring (from
August to October) and extended down to 3.5 km. The vertical ozone profile was similar to
that reported by Sivakumar et al. [20] with the increases in tropospheric ozone occurring
during the biomass burning season.
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Figure 3. Tropospheric ozone data obtained from ozonesondes launched at Irene: (a) Monthly mean and standard deviation

of the total tropospheric ozone column obtained from ozonesondes between 1998 and 2018; (b) Monthly mean ozone mixing

ratio from 1.5 to 16.5 km above sea level and monthly mean lapse-rate tropopause obtained from ozonesondes between
1998 and 2018 (dashed black line).
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Figure 4. Solar Ultraviolet Index (UVI) observations for Bolepi House, Pretoria from 2009 to 2018. (a) Monthly and hourly
averages of UVI for July to June; and (b) UVI at solar noon for observed all-sky and clear-sky UVI compared to modelled

clear-sky UVI for January to December (red line).
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The seasonal peak in tropospheric ozone (Figure 3a) is in agreement with previously
published work [9,12,20] and occurred in the austral spring when STE enhanced tropo-
spheric ozone concentrations due to the Brewer—Dobson circulation and coincided with
the peak of the biomass burning season [57]. Tropospheric ozone formation favors drier
conditions that occur near the end of the dry season which further contribute to the sea-
sonal peak in tropospheric ozone [18,58]. Although the main biomass burning region is to
the north and east of Irene, the anti-cyclonic air mass from the biomass burning region as
well as the emission of ozone precursors from coal-fired power stations affect tropospheric
ozone at Irene [12,58].

3.3. Observed and Modelled UVI Levels

Hourly solar UVB radiation data were used to determine monthly and hourly averages
of UVI. The observed clear-sky UVI levels were compared to modelled clear-sky UVI levels.
The hourly and monthly averages (Figure 4a) showed that UVI is at a maximum during
the summer months and highest daily between 12:00 and 14:00 local time. This was further
demonstrated by the solar noon UVI values for all-sky and clear-sky conditions (Figure 4b).
The higher observed clear-sky solar noon UVI values—with respect to the all-sky UVI
values—indicated that the clear-sky determination method was able to remove the effect of
clouds on UVL

The monthly averaged relative difference between the TUV model and observed clear-
sky UVI at solar noon ranged between —4% and 29% with an annual relative difference of
7%. Between November and April, the modelled clear-sky values were higher than the
observed clear-sky UVI. The monthly-averaged relative difference between the TUV model
and observed all-sky UVI ranged between 18% and 87%. The largest difference between
the modelled and observed UVI occurred during summer months and may be related
to the increase in cloud cover associated with convection during summer months due to
synoptic-scale circulation.

Comparisons with observed and modelled UVI in the Southern Hemisphere showed a
small relative difference of approximately 10% on clear-sky days [59,60]. To our knowledge,
this is the first study in South Africa to compare modelled and observed surface UVI
and investigates the effect of atmospheric parameters on surface UVR over South Africa.
The TUV model simulations may vary from the observed surface UVI due to factors such
as the vertical distribution of aerosols, using AE for 340440 nm and the climatological
ozone and temperature profiles derived by McPeters and Labouw [49] that were used in
the simulations. Future research could use satellite lidar observations from the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument to investigate the vertical
distribution of aerosols. Furthermore, an ozone and temperature profile specific to Irene
could be utilized by using data from ozonesondes and satellites.

3.4. Anomalous AOD over Pretoria

Between August 2017 and October 2017, 31% of AOD observations from the AERONET
station at the CSIR were one-standard-deviation above the respective monthly average.
The AOD and UVI observations were compared during this period (i.e., August to October
2017) to determine if the anomalously high AOD resulted in lower surface UVR. AOD
had seasonal peaks in February and September (Figure 2). Between August and October
2017 (Figure 5a), 24 days were one-standard-deviation above the monthly AOD average.
Between 2 September and 2 October 2017, the majority of AOD observations were well
above one-standard-deviation from the monthly mean. Between 3 October and 18 October
2017, AOD was below one-standard-deviation from the monthly average. Figure 5b shows
the daily and monthly averages of the modelled clear-sky UVI. Between 2 September and 2
October 2017 when AOD was anomalously high, UVI was below one standard deviation
from the monthly mean. In October 2017, when AOD was below the monthly average,
the corresponding UVI values were above the monthly average.
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Figure 5. (a) Daily AOD values at 340 nm from August to October 2017 as recorded by the AERONET station at the CSIR
and the monthly AOD averages and standard deviations (during the 2011-2018 period); (b) Daily modelled clear-sky UVI
and modelled and observed clear-sky monthly averages and standard deviations from August to October 2017.

From August to October 2017, higher AOD observations occurred simultaneously to
lower UVI values and vice versa. This inverse relationship between AOD and UVI—with
anomalously high AOD values—has been observed in previous studies [61,62]. Using
dispersion modelling, future research may trace the origin of specific biomass burning
episodes and investigate the radiative effect over Pretoria.

3.5. Effect of Aerosols and Tropospheric Ozone

To assess the sensitivity of surface solar UVR to aerosols and tropospheric ozone,
the TUV model was used to simulate surface solar UVR in four different scenarios and
modelled UVI was compared to ground-based observations. The simulations were initial-
ized for the period August to October (2011-2017) with and without the biomass burning
component of aerosols and tropospheric ozone. The biomass burning component used
the monthly averages of tropospheric ozone and aerosols optical properties (AOD, AE,
and SSA) between August and October, while the background level used the monthly
averages of tropospheric ozone and aerosol optical properties between November and July
as described in Section 2.2.

Table 1 presents the relative difference (%) between the modelled and observed clear-
sky UVIin each of the simulations over the three months. The aerosol and tropospheric
ozone columns in Table 1 indicate whether the background level or biomass burning
emissions were used in the respective simulations. The first simulation (Simulation 1) was
a reference simulation and included the aerosol and tropospheric ozone levels between
August and October as seen in Figures 2 and 3a. In this simulation, the modelled clear-sky
UVI was 3% than observed clear-sky UVI during September months. In Simulation 2, when
aerosols and tropospheric ozone from biomass burning were not included, the modelled
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clear-sky UVI was 11% higher in September months compared to the observed clear-sky
UVI a change of approximately 14% compared to the reference simulation. In Simulation
3, where tropospheric ozone from biomass burning was excluded and the background
level was used, the modelled clear-sky UVI was 2% lower than the observed which was
similar to Simulation 1. In Simulation 4, where aerosols from biomass burning were
excluded, the modelled UVI was 10% higher than the observed UVI and was similar to
Simulation 2 where both aerosols and tropospheric ozone from biomass burning were
excluded. Simulations 2, 3, and 4 indicated that increases in aerosols and tropospheric
ozone contributed to the reduction in UVR flux reaching the surface and that aerosols from
biomass burning have a larger radiative effect.

Table 1. Relative differences (%) between modelled and observed UVI from Tropospheric Ultraviolet-
Visible (TUV) model simulations with and without aerosols and tropospheric ozone for August to
October (2011 to 2017) and the average relative difference between August and October (ASO).

Aerosol Tropospheric RD— RD— RD—October
ozone August September
Simulation 1 BB * BB —4 -3 -7
Simulation2  BGL ** BGL -2 11 2
Simulation 3 BB BGL —4 -2 —6
Simulation 4 BGL BB -2 10 1

* BB—biomass burning, ** BGL—background level.

Although the changes in Simulation 3 were small compared to the reference simulation,
increases in tropospheric ozone may result in decreases in UVR at the surface due to
Rayleigh scattering of denser air in the lower levels as shown by other studies [63,64].
Positive decadal trends in tropospheric ozone have been identified over Pretoria [65,66]
and these trends may further contribute to the radiative effect of tropospheric ozone.

Future research should investigate the radiative impact of nitrogen dioxide as well as
tropospheric aerosols and tropospheric ozone on UVI levels at the surface. Furthermore,
research should be done at all SZAs and not be limited to solar noon. Although the three
stations (i.e., CSIR, Irene and Bolepi House) were located relatively close to each other,
factors such as cloud cover and albedo may have differed between the stations and this
could have influenced the comparison between observed and modelled UVI data.

4. Conclusions

The aim of this study was to investigate the effect of aerosols and tropospheric ozone
on surface UVR over Pretoria during the biomass burning season. The study modelled
surface UVR with and without aerosols and tropospheric ozone from biomass burning
and compared the modelled UVR to surface observations. The aerosol loadings and
atmospheric composition were affected by biomass burning which reached a peak near the
end of the dry winter season. Over Pretoria, AOD reached a maximum value of 0.46 in
September and tropospheric ozone reached a maximum of 45 DU in October. The study
area was predominantly affected by fine aerosol particles which increased in size during
the biomass burning when AOD was at a maximum.

A comparison between modelled and observed clear-sky UVI levels at solar noon
showed a small relative difference of 7% on clear-sky days. Between August and Octo-
ber 2017, anomalously high AOD levels were observed over Pretoria. Investigation of
this event showed that higher AOD values corresponded with lower UVR levels. In the
TUV model simulation—which excluded aerosols and tropospheric ozone from biomass
burning—a change of 9% relative to the reference simulation was observed. Furthermore,
in the simulation that excluded aerosols from biomass burning there was a relative differ-
ence similar to the simulation that excluded both aerosols and tropospheric ozone. This
demonstrated that the radiative effect of aerosols was larger than the radiative effect of
tropospheric ozone. Future research on the radiative effect of aerosols and trace gases,
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particularly in regions that are affected by emissions from biomass burning, is considered
important.
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Chapter 6 Results: Skin cancer risks associated with solar UVR

exposure

6.1 Paper overview

Excessive exposure to solar UVR is a major contributing factor to the development of
melanoma and keratinocyte cancer which includes BCC and SCC (Armstrong et al.,
2001). Globally, the incidence rates of melanoma and keratinocyte cancers have
increased (Apalla et al.,, 2017). South Africa is no exception and has one of the
highest incidence rates of keratinocyte cancer, particularly among the fair skin
population groups, in the world (Norval et al., 2014). Generally, the incidence rates of
keratinocyte cancer among individuals with higher skin phototypes (FST IV/V) are

lower compared to individuals with lower skin phototypes (FST I/ll) (Diffey, 2018).

Skin phototype and occupation are important factors contributing to the overall skin
cancer risk of an individual. Previous risk assessment studies do not account for
different skin phototypes. Therefore, this manuscript aimed to assess the
keratinocyte cancer risks for an indoor and outdoor worker in Cape Town using
hypothetical exposure scenarios. The risk assessment included a novel approach to
include individuals of different FSTs.

The widely used FST classification was not developed to determine skin cancer risks
and is limited by the interdependency between susceptibility to burn and the ability to
tan. Using a new SCP classification (Holm-Schou et al., 2019), South African
population statistics and a previously-published FST classification of the South
African population (Wilkes et al., 2015) were used to determine a risk ratio which
was used to determine the BCC and SCC risk of individuals with different FSTs.

The lifetime risk was determined for an adult individual who works indoor and for an
adult individual who works outdoors. Both individuals were deemed to have the
same exposure until the age of 18 years which was based on the hypothetical
exposure scenario of a school child aged 10 years. In the hypothetical scenarios, the

exposure of the indoor worker was limited to lunchtimes on weekdays while the
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exposure for the outdoor worker was assumed to be eight hours per weekday. A
typical year was considered, i.e., no pandemic and lockdown conditions were

applied.

The risk assessment of a typical indoor adult and outdoor adult worker found that
irrespective of FST, outdoor workers had approximately 1.6 times more risk of BCC
or SCC compared to an indoor worker of the same FST. Furthermore, individuals of

FST | and FST Il are most at risk, especially if they are outdoor workers.

6.2 Thesis contribution
This paper contributes to the fourth objective of this thesis which was to perform a
keratinocyte cancer risk assessment for indoor and outdoor workers in the City of

Cape Town, South Africa.

Using a quantitative risk calculation, the risk assessment was able to identify
population groups that were at risk of developing BCC or SCC based on their
exposure to solar UVR. These at-risk population groups included outdoor workers
and individuals with fairer skin phototypes. The findings from risk assessment
studies can be used to identify at-risk population groups for targeted skin cancer

prevention campaigns.

6.3 Contribution of candidate
D. Jean du Preez was responsible for the data analysis, model simulations and
writing the manuscript. All the co-authors contributed to the conceptualization,

discussion, and final manuscript preparations.

The research presented in this chapter used hypothetical exposure scenarios and
therefore ethical clearance was obtained for secondary data source from the

University of Pretoria.
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6.4 Publication status
du Preez, D.J., Wright, C.Y., Diffey, B.L., Roomaney, R.A. & Bencherif, H. (2021).

Estimation of potential keratinocyte cancer risks from excess solar UVR exposure to

inform sun exposure awareness programmes. In preparation.
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ABSTRACT

Solar ultraviolet radiation (UVR) exposure has been associated with adverse health effects
including skin cancer. The risk of developing skin cancer is dependent on several factors
related to sun exposure and personal characteristics such as Fitzpatrick skin phototype (FST).
Using quantitative risk tools, the personal risks of developing basal cell carcinoma or
squamous cell carcinoma were determined for two hypothetical scenarios (i.e., indoor and
outdoor adult workers) for residents of Cape Town, South Africa. An indoor and an outdoor
worker of FST I were more at risk of developing either cancer compared to an indoor worker
of FST V. The potential risks associated with high levels of solar UVR exposure for different
scenarios suggest that prevention programmes should be tailored for at-risk population groups

such as indoor and outdoor workers with lightly pigmented skin.
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INTRODUCTION

Exposure to solar ultraviolet radiation (UVR) and skin phototype are important factors in the
development of skin cancer (1). Personal exposure to solar UVR is dependent on
environmental factors as well as individual involvement in outdoor endeavours such as

occupational or recreational activities (2).

Globally, the incidence of keratinocyte skin cancer has increased over time and can be
attributed to environmental factors and personal sun exposure habits of individuals (3).
Furthermore, this increase can also be due to the increased awareness of individuals and
improved access to public health services (4). The development of keratinocyte cancer, both
Basal cell carcinoma (BCC) and squamous cell carcinomas (SCC) (1) are linked to exposure to
solar UVR. The development of BCC is liked to intermittent UVR exposure and has a higher

incidence compared to SCC which is linked to chronic UVR exposure (5, 6).

Besides exposure to solar UVR, skin phototype is one of the key factors in the
development of skin cancer. The Fitzpatrick skin phototype (FST) classification (Table 1)
assesses the ability of an individual to tan and tendency to burn to classify individuals into one

of six categories (7).

South Africa receives high levels of solar UVR throughout the year (8). The Western
Cape province in South Africa is no exception and receives a mean daily exposure dose of 60
Standard Erythemal Dose (SED) units (1 SED = 100 Jm™) in December calculated using daily

data between 2009 and 2018 (9). Furthermore, keratinocyte cancer is among the top ten
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cancers in South Africa (10) and is likely to be underreported as has been found in other

countries (11, 12).

Table 1. Fitzpatrick skin phototype classification (7). Standard Erythemal Dose (SED), where 1 SED is equal
to 100 Jm™.

Standard dose for
Skin characteristics
FST erythema (SED)

Extremely sensitive, white skin, light eyes, freckles 2-3

Overly sensitive, white skin, blonde hair,

I 25-35
hazel/brown eyes
Moderately sensitive, light brown skin, brown hair,
1] 3-5
brown eyes
v Dark hair, light brown skin, dark eyes 45-6

Variable sensitivity, brown skin, brown eyes, dark

brown or black hair

Vi Brown eyes, black skin, dark brown or black hair 10 - 20

Given the high surface solar UVR and high incidence of keratinocyte cancer in South
Africa, this study aimed to determine a relative risk ratio for different skin phototypes and
aimed to demonstrate how it could be used in skin cancer risk assessments. The study findings
are important for tailoring skin cancer prevention and sun protection campaigns for identified
at-risk population groups in Cape Town and probably the Western Cape province of South

Africa.
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DATA AND METHODS

To conduct a BCC and SCC risk assessment for individuals of different phototypes, first, a
relative risk ratio had to be determined for each phototype. Once the relative risk ratio had
been determined, it could be applied in a risk assessment using two hypothetical exposure

scenarios.

FST weighting factor: To calculate a relative risk ratio for different phototypes that would
be relevant to the South African population, the population statistics, the incidence rates of
BCC and SCC for male and female in South Africa were used along with the skin cancer

phototype (SCP) classification.

A study in 2014 classified South Africans according to their FST using individual
typology angle (ITA) data from a sample group (13). These data showed that the South
African population is spread across all FST categories. Using these findings and the population
group (i.e., Black African, Indian/Asian, Coloured and White groups) estimates for South
Africa in 2014 (14), the percentage of the South African population in each FST group were

estimated (Table 2).

The South African National Cancer Registry Report for 2014 provided the age-standardised
incidence rate of cancers per 100 000 by population group and gender (i.e., male and female)
(14) (Table 3). Using the incidence of BCC and SCC by population group, the rate ratios were
calculated for each population group using the Black African population as the reference group
(Table 3). The rate ratios were calculated by dividing the incidence in each population group

by the incidence of the Black African population.

98



79

80

81

82

83

84

85

86

87

88

Table 2. Population percentage (%) per population group and FST.

Black African Indian/Asian Coloured White
Male | Female | Male | Female | Male | Female | Male | Female
FST I 0.0 0.0 0.0 0.0 0.0 0.0 4.9 4.9
FST II 0.0 0.0 0.2 0.1 33 33 3.1 3.2
FST 111 0.4 0.4 0.4 0.3 0.0 0.0 0.35 0.34
FST IV 54 54 1.1 1.0 2.7 2.8 0.0 0.0
FSTV 66.7 66.6 0.9 0.9 2.7 2.8 0.0 0.0
FST VI 7.8 7.8 0.0 0.0 0.0 0.0 0.0 0.0
Total 80.3 80.2 2.6 24 8.7 8.9 8.4 8.5

Tables 2 and 3 indicate population percentage in each FST group and the incidence of
keratinocyte cancer relative to the Black African population, respectively. The next step was to
determine the relative risk ratio for each phototype using the odds ratios from the SCP. These

odds ratios relate skin phototype to skin cancer incidence.

Holm-Schou et al. proposed the SCP as the commonly used FST does not directly relate skin
phototype to skin cancer incidence (15). The SCP was determined by using keratinocyte
cancer incidence rates in Denmark, measurements of the melanin content in the skin and a
questionnaire that independently asked the question of ability to tan and tendency to burn (15).

In this study, a “weighted skin type” was calculated for each population group using the
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population percentage per FST in Table 2. The “weighted skin type” and the rate ratios from
Table 3 were linearly interpolated for the lowest weighted FST using the odds ratio from
Holm-Schou et al (15). These interpolated values were the relative risk ratios that could then

be used in a risk assessment study for individuals of different phototypes (Table 4).

Table 3. BCC and SCC incidence rates per 100 000 from the 2014 cancer registry of South Africa and the rate
ratio of BCC and SCC for male and female using the Black African population as the reference group (noted
as *).

Black African* | Indian/ Asian Coloured White
Male | Female | Male | Female | Male | Female | Male | Female
BCC incidence 3.5 2.2 6.9 54 64.5 32.7 | 2232 | 138.0
SCC incidence 3.5 2.0 3.2 2.6 29.9 11.5 84.5 38.8
Rate ratio - BCC 1.0 1.0 1.9 2.5 18.4 14.8 63.8 62.5
Rate ratio - SCC 1.0 1.0 0.9 1.2 8.5 5.6 24.1 19.1

Keratinocyte cancer risk assessment: The BCC and SCC cancer risk assessments were
performed for each FST group using the relative risk ratio (Table 4) and for two hypothetical
exposure scenarios. The scenarios included an indoor and outdoor worker in each FST group
for both male and female. The risks were determined for the face area using a published risk

assessment model of anatomically distributed solar UVR (16, 17).

Solar UVR data: Solar UVR data were used to determine the daily dose that an individual
would receive based on their exposure scenario. The South African Weather Service (SAWS)

has a network of surface UVR monitoring stations around South Africa. Data from the Cape
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Town International Airport (33.97°S 18.6°E) (Fig. 1) station were obtained for a 10-year

period from 2009 to 2018. The station is in the Western Cape province of South Africa at 42 m

above sea level. The region is characterised by winter rainfall and hot, dry summers.

Table 4. A relative risk ratio of BCC and SCC for each FST based on incidence and population demographics

of South Africa.
Relative risk ratio
BCC SCC
FST
Male Female Male Female
| 68.2 66.8 25.7 20.4
II 584 57.2 22.0 17.5
111 33.0 32.3 12.5 9.9
v 12.7 12.5 4.8 3.8
A\ 1.0 1.0 1.0 1.0

A Solar Light 501 UVB radiometer was used to measure solar UVR between 280 nm

and 315 nm and the instrument provides an analogue voltage output proportional to the

measured radiation. Due to financial constraints, the instrument was last calibrated in January

2012 (18). A comparison study found large differences between satellite and ground-based

erythemal UVR levels during certain periods. Annually there was a strong correlation between

the two datasets and during which period data availability was between 70 % and 85 % (19).
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Figure 1. Map indicating the location of Cape Town International Airport
and the City of Cape Town (light grey).

The hourly UVR data from the radiometer was given in Minimal Erythemal Dose
(MED) units. One MED unit is equal to 210 J.m™ and this was converted to SED, where 1
SED is equal to 100 J.m™?. To convert this instrument-weighted UVB (280-315 nm) to
erythemal-UVB (280-320 nm), a correction factor was used. For each hourly data point, the
hourly solar zenith angle (SZA) and corresponding daily total column ozone value were used
to select the correction factor from the calibration matrix. The calibration matrix is an estimate
of the spectral and angular response functions of similar instruments (20). The instrument-
weighted UVB were multiplied by the relevant correction factor to obtain the erythemal UVB

before being converted to SED.

Risk calculations: To estimate the BCC and SCC risk, the daily dose was determined
for each scenario by using an exposure fraction and relative risk ratio (Eq. 1). The exposure
fraction accounted for the fraction of ambient UVR received on the face as keratinocyte
cancers often develop on this anatomic site (among others) (21). The exposure fraction varies
with SZA and assuming that the face receives a constant exposure, the exposure fraction was

assumed to be one-sixth of the ambient erythemal exposure on weekdays in urban
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environments. On weekends the exposure fraction was assumed to be one-quarter of the
ambient erythemal exposure. (21). In the case of missing data, the relevant hourly and monthly
average was used.

Eq. 1
Daily dose = Z UV, pione X EF X FST (Ba. 1)

Where X UVambien: is the sum of the ambient UVR recorded by the radiometer for the
duration of the time spent outdoors in each scenario and is multiplied by the fraction of UVR

received by the face as well as the relative risk ratio.

The daily dose was calculated for 2013 as the UVR data was 85% complete and the
lifetime risk was calculated for an adult of the age of 65 years since the highest number of new
cases of BCC in 2014 in South Africa was recorded between the ages of 65-69 years for men
and 70-74 for women. (14). Using the daily dose calculated in Equation 1 for each scenario,
the annual was determined. The risk of BCC and SCC was calculated using the power-law

equation (Eq. 2) for each FST (16). The relative risk for each
Risk « (cumulative dose at age T) 'Y [annual dose at age (T-t)]t “P (Eq. 2)

Where T is the age and t is an integer between 0 and T. The constants a and f are

based on the cumulative incidence and a biological amplification factor, respectively.

The values of o and § used in Equation 2 were different for the BCC and SCC risk
assessments. For the BCC risk assessment, o and  were 3.2 and 1.7, respectively. For the
SCC risk assessment, a and  were 5.1 and 2.3, respectively (22). The annual dose used in

Equation 2 was based on the observed data from 2013 but the annual dose changed for the
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childhood years as an individual is unlikely to receive a constant erythemal UVR dose
throughout his / her lifetime. Children have significantly more days with risky sun behaviour
compared to adults (23). Therefore two life stages were included: the first for childhood and
adolescence combined, and the second for adulthood. In Equation 2, a singular exposure dose
was used up until a predetermined age when exposure patterns were likely to change (defined

here as the age of 18 years) (17, 24).

In the childhood / adolescence stage, the exposure dose was based on the hypothetical
exposure of a school child (Table 5). Time spent outdoors during lunch breaks and after school
activities were included in the exposure scenario. The risk for the school child was not
calculated because keratinocyte cancer in children is rare (25). In the adulthood phase, two
different scenarios were used namely a hypothetical exposure scenario for indoor and outdoor
workers, respectively (Table 5). The scenario of an indoor adult worker during weekdays was
limited to their lunchtime because the exposure during their daily commute by car or public
transport was assumed to be low (26-28). The outdoor adult worker scenario was based on the
exposure of an individual who spends most of the weekdays outdoors and has the longest

exposure times.

The two adult scenarios were based on the results of previous sun exposure studies (29)
and similar to those used in other risk assessments conducted in the United Kingdom and
Australia (24, 30). These studies used exposure durations of five or more hours per day on
weekends and holidays and a similar approach was applied here. The scenarios in this study
assumed the worst-case, where no sun protection was used and the exposures on public

holidays and annual holidays were assumed to be the same as on weekends.
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Table 5. The hypothetical personal exposure scenarios with exposure periods on weekdays, weekends and
annual holidays.

Weekday Weekend
Occupation Annual holiday
exposure exposure
25 Mar-9 Apr
10:00-11:00
Childhood / 09:00-12:00 23 Jun-15 Jul
12:00-13:00
adolescence 13:00-15:00 29 Sep-7 Oct
14:00-16:00
8 Dec-8 Jan
Indoor adult worker 13:00-14:00 10:00-15:00 17 Dec-13 Jan
Outdoor adult 07:00-11:00
09:00-14:00 2 Aug-21 Aug
worker 12:00-18:00

RESULTS

Solar Erythemal UVB climatology

The hourly erythemal UVR data were used to determine the monthly and hourly mean values.
This illustrated the seasonal and diurnal cycle of erythemal UVR at Cape Town (Fig. 2). During
the austral summer months of December, January, and February, solar erythemal UVR is at a
maximum, with daily maximums between 8 SED/h and 10 SED/h occurring between 13:00 and

15:00 local time.
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Figure 2. Exposure dose rates as a function of time of the day and month averaged over the period 2008-
2018 for Cape Town International Airport, South Africa.

Due to the relatively high latitudinal position of Cape Town (i.e., 34°S) solar erythemal
UVB of 4 to 5 SED/h can be observed as late as 17:00 local time during summer months.
During the austral winter, solar erythemal UVB is at a minimum with a daily maximum of 3 to
4 SED/h between 13:00 and 15:00 local time. The daily erythemal UVR maximum occurred at

solar noon provided clouds did not attenuate incoming solar UVR.

Keratinocyte cancer risk assessments results

The BCC and SCC risks were calculated for the facial area of the indoor and outdoor adult worker

using the exposure fraction and the relevant risk ratio for each FST and gender.

BCC risk assessment: In the risk assessment of BCC for the indoor and outdoor worker (Table
6), indicate the relative risk for each FST group relative to the indoor worker of FST V for that
gender (i.e. A male outdoor worker of FST I is relative to the male indoor worker of FST V).

Overall, indoor and outdoor workers of FST I-IV are more at risk compared to an indoor
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197  worker of FST V irrespective of gender. Furthermore, the male and female outdoor workers in
198  each FST group were more at risk compared to an indoor worker of the same FST group. The

199  relative risk for a male and female outdoor worker of FST I was 20.

200  Table 6. BCC relative risk for indoor and outdoor workers in each FST group.

201 Relative skin cancer risk per FST
202 I I 111 v \Y%
203 Indoor - Male 13 10 4 1 1
204 Outdoor - Male | 20 16 6 1 1
205 Indoor - Female 13 10 4 1 1
206 Outdoor - Female | 20 | 15 6 1 1
207

208  SCC risk assessment: In the risk assessment of SCC for the indoor and outdoor worker (Table
209  7), showed a similar overall pattern compared to the relative risk for BCC risk where lower
210  FST types had more risk compared to higher FST types. The relative risk difference between
211 FST I and FST V in SCC are much lower than compared to BCC. This is due to the lower

212 incidence of BCC compared to SCC.

213 DISCUSSION

214 Understanding the role that skin phototype plays in the development of keratinocyte cancer

215  can identify at-risk population groups. Given the range of FSTs and incidence of skin cancer in
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South Africa, a risk assessment model was altered to consider different FSTs in what we
consider to be the first application of its kind. For their lifetime, the indoor and outdoor worker
received solar UVR exposure for 47 707 hours and 76 471 hours, respectively. The lifetime
dose received irrespective of skin type of 82 0212 SED and 106 2826 SED for the indoor and

outdoor worker respectively.

Table 7. SCC relative risk for indoor and outdoor workers in each FST group.

Relative skin cancer risk per FST

I 1T I IV \%

Indoor - Male 18 12 3 1 1
Outdoor - Male 32 22 6 2 2
Indoor - Female 10 7 2 1 1
Outdoor - Female 19 13 4 2 1

Previous studies have shown that occupation plays an important role in determining the
solar UVR exposure dose received by an individual (31-34) and the relative risks of
keratinocyte cancer (35-37). Zink et al. (35) recently found that outdoors workers, such as
gardeners, mountain guides and farmers had higher keratinocyte cancer incidence compared
with indoor workers; despite this, many workers (and their employees) do not consider the
occupational risk of developing skin cancer from excess sun exposure (11). In South Africa,

there are no national limits for occupational solar UVR exposure (38). Given the known
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occupational risk of excess solar UVR exposure, such limits are important to reduce the risks

posed to individuals in outdoor occupations.

The lifetime dose received on the face of the outdoor worker was approximately 1.3
times greater than that of the indoor worker. In comparison, Austrian outdoor workers
received between 2 and 2.5 times the annual dose of indoor workers (39). The difference can
be attributed to the anatomical site used in the risk assessment as well as the exposure patterns

and clothing worn.

The risk assessment for BCC and SCC for indoor and outdoor working adults
suggested that an outdoor worker is more at risk of developing BCC or SCC than an indoor

worker. The largest difference in relative risk (Table 6 and 7) was between BCC and SCC.

The largest difference in relative risk was seen in the lower FST groups. Where the
relative risk of an outdoor worker was approximately 1.7 times that of an indoor worker.
Among Australian mail, delivery personnel were found to be between 1.1 and 5.5 times greater
risk of keratinocyte skin cancer compared to indoor workers (30). The higher relative risk of
an outdoor worker of FST I-III compared to an indoor worker, suggest that sun exposure and
skin phototype play an important role in estimate BCC and SCC risks. Several studies confirm
the higher prevalence of keratinocyte cancers among individuals with lower FST (40, 41). For
example, in southern Spain, individuals from northern Europe with lower FST were more
prone to keratinocyte skin cancer than the local Spanish population who have a higher FST

(42).

From the National Cancer Registry of South Africa, the incidence of both BCC and

SCC is lower in females than males across FST groups. This pattern has been observed around
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the world where the include of keratinocyte cancer is higher in men than in women (43, 3).
Females, in general, had a lower risk of both BCC and SCC and investigating the risks of
females relative to males would improve the understanding of cancer risks posed to each

gender.

Limitations: The risk assessment model included two different exposure scenarios but did not
account for changes in personal exposure due to seasonal weather (which is likely to affect an
individual’s outdoor behaviour and solar UVR exposure patterns), or differences in the
personal solar UVR exposure of males and females. Furthermore, individual factors such as
personal preference for sun protection and annual summer holiday destinations further impact

UVR exposure (44) and risk (45-47).

The calibration of the biometer was noted as a limitation although the data have been
used in recently published studies (9, 19). The National Cancer Registry (NCR) of South
Africa is an invaluable dataset but under-reporting of cancer has been identified from the

private healthcare sector which services a small percentage of the population (48).

CONCLUSION: Using population statistics, cancer incidence rates and known ratios that

relate skin cancer to skin phototype allowed for the development of a “weighting factor” that
could be used to assess the BCC and SCC risk of individuals with different skin phototypes.
Estimating the risk of BCC and SCC among indoor and outdoor adult workers of different
FSTs living in Cape Town revealed that outdoor adult workers, as well as individuals of FST I
— III, were more at risk for developing both BCC and SCC compared to any other outdoor or

indoor workers. Occupational sun protection awareness and skin cancer prevention campaigns
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should be developed to advise workers to take precautions such as using clothing, hats, shade,

sunscreen and avoiding exposure during peak ambient solar UVR periods.
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Chapter 7 Summary, limitations and recommendations

Previous research has shown that decreases in stratospheric ozone in the Southern
Hemisphere can be due to the dilution of the Antarctic polar vortex in the austral
spring. This can result in anomalously high UVR at the surface and has been
observed over South America and Australia. The research presented in Chapter 3
investigated the relationship between atmospheric ozone and surface UVR. The
research further investigated the origin of ozone-poor air masses present over Cape
Point and their impact on surface UVR. The findings and recommendations from

Chapter 3 are summarised below:

e The results indicated that the strongest inverse relationship between
stratospheric ozone and UVR occurs at SZA 25° and that decreases in
stratospheric ozone resulted in increased UVR at the surface.

e Using a dynamical transport model, decreases in stratospheric ozone observed
over Cape Point were identified to originate from the sub-tropical regions rather

than from the Antarctic polar vortex.

The relationship between surface UVR and atmospheric parameters is complex and
could be further invested at specific SZAs. The radiative effect of aerosols at Cape
Point should be invested as well. Investigating the relationship between latitude and
the polar vortex could indicate why South Africa is not impacted by the Antarctic
ozone hole. Although this study did not investigate the effect of ozone recovery on
ozone anomalies, understanding how ozone recovery has affected ozone anomalies
and the recovery of stratospheric ozone over South Africa would contribute to
valuable knowledge in this area of research. Additionally, investigating the role of the
subtropical barrier on the transport of ozone from the subtropics to the midlatitudes
would improve our understanding of the transport of ozone over Southern Africa.

The volcanic plume from the 2011 PCCVC eruption increased the aerosol loading
and impacted surface UVR stations around South America. The dispersion of the
volcanic plume across the Southern Hemisphere has been widely demonstrated but
the impact on South Africa has not investigated. The research presented in Chapter

4 aimed to address this by investigating the impact on AOD and surface UVB at
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Cape Point, South Africa. The findings and recommendations from Chapter 4 are

summarised below:

e The volcanic plume from the PCCVC eruption in June 2011 was located near
Cape Point several days after the eruption. At the time when the plume was
located near Cape Point, ground-based observation of AOD increased. The
increases were above the climatological monthly mean and the increase in AOD
could be attributed to the passage of the plume.

e Small changes in surface UVR were observed between 20°S and 60°S which
may be due to the large SZAs (>65°) which occur during the austral winter.

e Using a vertical aerosol profile and additional chemical species would improve
the FLEXPART simulations. Furthermore, using the aerosol profiles would
enable the accurate estimation of surface UVR in radiative transfer models.

The radiative effect of aerosols over Southern African has been demonstrated in
previous research but has not included the radiative effect of tropospheric ozone.
With tropospheric ozone levels increasing globally, it is important to understand its
impact on surface UVR. The research presented in Chapter 5 investigated the
radiative effect of aerosols and tropospheric ozone during the biomass burning
season over Irene. Using the TUV radiative transfer model, the sensitivity of surface
UVR to aerosols and tropospheric ozone from biomass burning was assessed in
relation to the background levels of aerosols and tropospheric ozone. The findings

and recommendations from Chapter 5 are summarised below:

e By comparing observed UVR and modelling UVR from different simulations, the
sensitivity study showed that aerosols from biomass burning have a much larger
radiative effect compared to tropospheric ozone from biomass burning.

e The simulations indicated that aerosol emitted from biomass burning can impact
surface UVR by as much as 14% while tropospheric ozone from biomass
burning has a radiative effect of approximately 1%.

e Future research on this topic should make use of vertical profiles of aerosols and

ozone to improve the radiative transfer model simulations.
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Skin cancer incidence rates and previous research have indicated that sun
exposure and FST plays an important role in determining the BCC or SCC risk of an
individual. While previous research has included various exposure scenarios, these
studies did not account for individuals with different FSTs. The research presented
in Chapter 6, estimated the relative risk of developing BCC or SCC among indoor
and outdoor adult workers of different FSTs working in Cape Town. In this research,
a “weighing factor” was determined and applied in a risk assessment of individuals
with different FSTs. The findings and recommendations from Chapter 6 are

summarised below:

e The risk assessment indicated that outdoor workers of any FST were at greater
risk compared to their indoor working counterparts.

¢ Individuals of FST I — Ill were more at risk compared to an individual of FST V.

e The risk assessment assumed the worst-case scenario where individuals did not
use any sun protection such as sunscreen or hats and their exposure remained
constant throughout the year. The constant exposure is unlikely due to changes
in weather conditions and personal habits and should be accounted for in future
research.

e This risk assessment focused on BCC and SCC risk in relation to solar UVR
exposure as the incidence of these cancers are much higher compared to
melanoma cancer. Furthermore, the relation between melanoma cancer and
solar UVR exposure is more complex and therefore should be the focus of future
research. This should include the melanoma cancer risk assessment for different

phototypes (i.e., FSTs).

The results presented in this thesis demonstrate the relationship between
atmospheric parameters and solar UVR at the surface over South Africa.
Understanding the influence of atmospheric parameters on surface UVR can lead to
the identification of days with increased surface UVR and a relevant warning for the
general public. Furthermore, population groups with the highest risk of keratinocyte

cancer can be targeted for awareness campaigns.
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